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Abstract 
 
Today’s consumer electronics based on a large variety of time-keeping and frequency 
reference applications is based on quartz-crystal oscillators, because of their excellent 
performances in terms of quality factor, thermal and frequency stability. However, 
macroscopic size and CMOS incompatibility of quartz-crystal resonators draw a major limit 
on the miniaturization of wireless communication applications. For this reason, silicon 
microelectromechanical (MEM) resonators are considered promising candidates to replace 
quartz-oscillators in VLSI communication systems, due to their compactness, design 
flexibility and CMOS process compatibility. 
This work reports on the design, fabrication and characterization of MEM bulk lateral 
resonators with resonance frequencies in the order of tens of MHz. The need of stable, low 
cost and high yield processes for fabricating devices with extremely narrow (sub 100nm) 
transduction gaps is a main research driver, together with the requirements of improved 
designs which include high quality factors and appropriate power handling. 
We are investigating two major designs: (1) longitudinal beam resonators and (2) novel 
fragmented-membrane resonators that respond to both high quality factor (Q) and low 
motional resistance (Rm) requirements. We propose several design optimizations for solving 
some of the issues which currently affect the MEM resonator performance, like the frequency 
stability and Q enhancement through energy loss minimization.  
An original fabrication process is presented, which enables the manufacturing of SOI-based, 
fully monocrystalline devices with 100nm transduction gaps and aspect ratios as high as 
[60:1], without the need of advanced lithography techniques. We successfully validate the 
fabrication process on two different SOI substrates, with silicon film thicknesses of 1.5μm 
and 6.25μm. This thickness range combined to the doping level corresponds to partially 
depleted SOI, which can be a substrate of choice for the fabrication of future integrated 
hybrid MEMS-CMOS integrated circuits for communication applications. 
The fabricated structures are successfully characterized, demonstrating excellent resonator 
performance at room temperature. Q’s as high as 235’000 and Rm’s as low as 59kΩ have 
been extracted in vacuum. Atmospheric pressure frequency response measurements of the 
fragmented membrane resonators show Q’s of 3’600. This value is among the best reported 
to date, opening the possibility for atmospheric pressure applications such as mass-detection 
for gas sensing applications with detection done without a special package, just by direct 
exposure of the resonator to the environment.  
A novel study on temperature dependence (between 80K and 320K) of the fragmented 
membrane resonators is presented and discussed. Significant Q increase and Rm reduction 
are experimentally observed at cryogenic temperatures. 
The bulk mode resonators developed and discussed in this thesis can successfully be 
integrated in oscillator circuits, as we demonstrate by simulating a Pierce topology based on 
the calibrated equivalent circuit model of a 24.48MHz fragmented membrane BLR. Our 
oscillator shows very good phase-noise performance of -142dBc/Hz at 1kHz offset from the 
carrier and the noise floor at -144dBc/Hz, which nearly meets the GSM specifications. 
 
Keywords: MEM resonator, electrostatic MEMS, BLR, nanogap, SOI technology, high-Q, low 
motional resistance, MEM-based oscillator, mass detection 
 
Version Abrégée 
 
La plupart des circuits électroniques de type référence de temps et fréquence sont 
aujourd’hui basés sur des oscillateurs à quartz qui possèdent des excellents facteurs de 
qualité (Q) et une très bonne stabilité en fréquence. Par contre, l’incompatibilité des cristaux 
de quartz avec la technologie CMOS, ainsi que leur taille, sont des obstacles contre la 
miniaturisation, qui est une nécessité pour les applications sans fil. Ceci est donc une raison 
importante pour que les résonateurs micro-électro-mécaniques (MEM) soient considérés 
comme des candidats pour le replacement des cristaux de quartz. Les arguments en faveur 
de MEMS sont leur flexibilité de design, la taille réduite et la compatibilité avec la technologie 
CMOS. 
Ce travail de thèse concerne la conception, la fabrication et la caractérisation des 
résonateurs MEM en silicium monocristallin en mode de volume, avec des fréquences de 
résonance dans l’ordre des quelques dizaines des MHz. Le besoin de procèdes de 
fabrication fiables et à bas prix pour obtenir des écarts (gap) très fins (sous 100nm) entre le 
résonateur et ses électrodes est une des motivations de ce travail. Un autre but est 
l’amélioration du facteur de qualité ainsi que l’obtention des meilleures performances en 
terme de puissances applicables sur le résonateur sans le forcer en mode non-linéaire. 
Nous avons examiné deux catégories de designs : (1) un résonateur longitudinal et (2) un 
résonateur à membrane fragmentée qui répond à la fois aux besoins d’un très bon facteur de 
qualité (Q) et une basse résistance motionnelle (Rm). Plusieurs améliorations du design sont 
proposées et validées par simulation et expérimentation.  
Un procédé de fabrication original est proposé et validé pour fabriquer des résonateurs 
micro-électro-mécaniques en silicium monocristallin à partir des plaques SOI, avec des 
écarts de 100nm avec un rapport entre leur profondeur et la largeur allant jusqu'à [60 : 1], 
sans avoir besoin des techniques de lithographie avancés. Le procédé de fabrication a été 
validé sur deux épaisseurs de couche de silicium, de 1.5μm et 6.26μm.  
Les structures fabriquées ont été caractérisées avec succès à température ambiante et 
démontrent des excellents facteurs de qualité allant jusqu'à 235'000, et des valeurs de Rm de 
59kΩ, mesurés en vide. Les mesures à pression atmosphérique des résonateurs à 
membrane fragmentée ont démontré un facteur de qualité de 3'600. Cette valeur est parmi 
les meilleures obtenues à cette date, permettant d’aborder des futures autres applications à 
pression atmosphérique comme, par exemple, la détection de masse pour des applications 
de capteurs de gaz, par exposition directe à l’environnement. 
La dépendance en température (entre 80K et 320K) du résonateur à membrane fragmentée 
est aussi étudiée et discutée dans le manuscrit. Une importante augmentation du facteur de 
qualité ainsi qu’une réduction de la résistance motionnelle, sont observées et expliquées par 
une théorie adéquate à températures cryogéniques. 
Les résonateurs en mode de volume proposés pourraient être intégrés dans des circuits 
oscillateurs pour des applications GSM. Ceci est démontré par la simulation de la topologie 
d’un oscillateur Pierce basée sur un résonateur à membrane fragmentée, qui fonctionne à 
24.48MHz, ayant les caractéristiques de nos résonateurs fabriqués. L’oscillateur MEM 
présente un très bon bruit de phase, de -142dBc/Hz à 1kHz de offset de fréquence qui 
s’approche des performances requises par des applications GSM. 
 
Mots-clés : résonateur MEM, résonateur électrostatique, mode de volume, technologie SOI, 
nanogap 
 
 
 
 
 
 
 
 
 
Chapter 1 
 
 
 
 
 
 
 
Introduction, State-of-the-Art and 
Challenges for MEM resonators 
 
 
 
 
 
 
 
 
 
 
This first chapter gives a general introduction to the thesis work. After introducing the 
micro-electro-mechanical-systems (MEMS) concept, an overview is presented of the 
current MEMS technology, including a discussion on the MEMS-IC integration 
approaches presently used. 
Then, a more in-depth presentation is given of the main MEM resonator architectures: 
electrostatic, piezoelectric and hybrid with intrinsic gain. In the frequency domain 
between 10’s of KHz up to few GHz, the electrostatic MEM resonators are most 
interesting, due to their excellent performance, and to promised compactness, design 
flexibility, power saving and CMOS process compatibility.  
Finally, the main open challenges to electrostatic MEM resonators are discussed, which 
motivate the work presented in the following chapters of this thesis. The need of stable, 
low cost and high yield processes for fabricating devices with extremely narrow (sub 
100nm) transduction gaps is a main technology driver, together with the requirements of 
improved designs which can provide higher quality factors and power handling.  
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1.1. MEMS Technology 
 
“Imagine a machine so small that it is imperceptible to the human eye. Imagine working 
machines no bigger than a grain of pollen. Imagine thousands of these machines batch 
fabricated on a single piece of silicon, for just a few pennies each. Imagine a world 
where gravity and inertia are no longer important, but atomic forces and surface science 
dominate. Imagine a silicon chip with thousands of microscopic mirrors working in 
unison, enabling the all optical network and removing the bottlenecks from the global 
telecommunications infrastructure. You are now entering the microdomain, a world 
occupied by an explosive technology known as MEMS. A world of challenge and 
opportunity, where traditional engineering concepts are turned upside down, and the 
realm of the "possible" is totally redefined.” [1.1] 
 
 
Figure 1.1. Top view of gear reduction unit from Sandia Labs [1.2] 
 
1.1.1 What are MEMS? 
 
MEMS acronym stands for Micro-Electro-Mechanical Systems, micrometer-sized or 
smaller devices and systems which operate mainly via mechanical or electromechanical 
means, with applications in a large variety of domains. Key MEMS characteristics which 
drive the technology development include miniaturization, thus increased complexity 
through higher integration density, the possible co-integration with electronics, great 
precision mass fabrication, energy savings and higher speed due to higher operating 
frequencies and lower thermal constants. 
 
The main branches of MEMS technology are:  
 
• Microfluidics (Lab-on-a-chip, or micro total analysis systems - μTAS) for 
biological and chemical analysis [1.3], processing and sensing applications, 
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offer the advantages of portability, reduced amount of samples and reagents 
thus reduced cost, and enable parallel and combinatorial analysis. 
 
 
Figure 1.2. SEM of structure designed for microchip chromatography, showing channel 
layout at the beginning of the column. All features have been etched by RIE to a depth of 10 
μm [1.3] 
 
• Optical MEMS (MOEMS) incorporate components such as binary lenses, 
diffraction gratings, tunable optical mirrors, interferometric filters and phase 
modulators for applications including digital light projection, color displays, 
tunable filters, gas spectrum analyzers and network routers [1.4].  
 
 
Figure 1.3. SEM of surface-micromachined two axis scanner from Lucent Technologies [1.4] 
 
• Radio frequency (RF) MEMS count switches, passives (capacitors, varactors 
and inductors), resonators and transmission lines and antennas, which, 
through their performance enhancements and cost reductions, address the 
severe and often conflicting requirements for modern commercial and military 
communication, navigation, data link and avionics environments. [1.5] 
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Figure 1.4. SEM micrograph of a Northeastern University MEMS switch [1.5] 
 
• BioMEMS encompass the development and use of MEMS for bio-medical 
applications, including implants (retina, pacemakers, stents), sensors (blood 
pressure, analytes, pH measurement etc.), micromachined silicon 
immunoisolation capsules and drug delivery systems (microreservoirs and 
injection needles). Even though there are still some issues which need to be 
solved, like material biocompatibility or the bio-fouling, MEMS are extremely 
promising for the bio-medical domain, due to their extremely small sizes 
(therefore low invasiveness), the ability to control their physical and chemical 
properties on micrometer-scale and very precise temporal control of their 
operation. [1.6] 
 
 
Figure 1.5. Array of pointed hollow out-of-plane silicon needles with height of 200 μm and 
channel diameter of 40μm [1.7] 
 
• Energy scavenging MEMS like wireless sensor nodes, where the MEM 
devices can harvest power from the environment (RF waves, solar / ambient 
light, fluid flow, temperature or pressure gradient, vibrations, human power) to 
increase the energy efficiency of the system, and by eliminating the batteries, 
to enable smaller sizes, reduced maintenance and lower ecological impact 
[1.8].  
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Figure 1.6. MEMS micropower electrostatic generator prototype [1.9] 
 
Most fabrication steps of MEMS devices are derived from standard IC processing, and 
can be classified into (1) bulk micromachining [1.10]: high aspect ratio devices are 
defined by selectively etching into a substrate, usually monocrystalline silicon, using 
anisotropic or isotropic, wet or dry etch solutions and etch stops as shown in Figure 
1.7.a and (2) surface micromachining [1.11]: structures are built from layers sequentially 
deposited onto a substrate, which are then patterned and selectively etched (Figure 
1.7.b). To those two main methods add up wafer bonding and some more exotic 
methods like LIGA (X-ray lithography, electroplating, and molding) and 3D 
microfabrication.  
 
  
(a) (b) 
Figure 1.7. (a) Cross section of a suspended silicon n-well realized using electrochemically modulated 
TMAH etching of a CMOS integrated circuit, illustrating the bulk micromachining process [1.10] and (b) 
Cross-section of the Analog Devices BiMEMS integrated MEMS technology, which exemplifies a typical 
surface micromachining process [1.11] 
 
MEMS are typically silicon based, mostly due to its excellent mechanical and electrical 
properties and to the easy availability of mature process technologies that had been 
developed within the microelectronics industry. Other materials like metals (Al, Au, Cr, 
Cu, Pd, Pt, Ti, W, etc.), compound semiconductors (SiC, SiGe, GaAs), SiO2, diamond, 
and polymers (e.g. SU8) are also used as structural materials, for applications where 
silicon is less suitable due to harsh environments (direct exposure to environment, high 
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temperatures, wide temperature swings or high shocks) or sometimes simply due to 
unnecessary higher cost. 
 
1.1.2. MEMS and Electronics Integration  
 
Currently, most MEMS-based products use hybrid “system in package” approaches, in 
which the MEMS devices and the electronics are fabricated separately. This modular 
multichip implementation needs less development time than the monolithic one, uses 
lower number of masks and allows independent optimization of the MEMS and the IC. 
Conversely, cofabricated MEMS - IC systems benefit from enhanced performance 
(reduced noise, crosstalk and parasitics from interconnects), smaller size (reduced chip 
pinout, smaller package) and potentially lower cost. 
 
Several cofabrication approaches have been proposed and validated, as described 
below: 
 
• MEMS first – The monocrystalline MEMS structure fabrication process is first 
completed, usually using bulk micromachining, prior to the CMOS and 
metallization stack. Typically, the MEMS are buried and sealed and the wafer 
surface is planarized for CMOS module. The main advantages of this 
approach come from the larger flexibility in choosing materials and fabrication 
steps (especially thermal budgets) which would otherwise damage the 
electronics. Examples of successfully demonstrated MEMS-first devices are 
pressure sensors [1.12], neural probes [1.13], accelerometers and 
gyroscopes [1.14-15]. 
 
• Mixed MEMS - CMOS cofabrication – In this approach, the CMOS process is 
interrupted for supplementary surface micromachining steps, usually 
polysilicon deposition, annealing and patterning. Since these steps are 
executed before the metallization, temperatures as high as 900°C can be 
used (usually not higher due to the risk of affecting the CMOS doping 
profiles). Commercial products using the CMOS MEMS approach, like 
pressure sensors [1.16] and accelerometers [1.17] have been demonstrated. 
 
• MEMS last – Two different fabrication strategies can be set apart: (1) surface 
micromachined MEMS are fabricated on top of the circuitry, through 
deposition and patterning of layers, without touching the CMOS part and (2) 
microstructures are fabricated within the metal-dielectric stacks that are 
deposited during standard CMOS processing, by creating openings in the 
stack and using timed silicon wet etches to release them. The MEMS last 
approach drastically lowers the thermal budget, but offers great modularity, 
compactness and minimal parasitics, thus low power losses and better 
sensitivity. The first strategy results in MEMS CMOS integrated devices like 
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digital micromirrors [1.18] or RF MEMS resonators [1.19],  while an 
application example using the second one are infrared detectors [1.20] 
 
1.2. MEM Resonator Architectures  
 
Today’s consumer electronics based on a large variety of time-keeping and frequency 
reference applications is centered on quartz-crystal oscillators, because of their excellent 
performances in terms of quality factor, thermal and frequency stability. However, 
macroscopic size and CMOS integration incompatibility of quartz-crystal resonators draw 
a major limit on the miniaturization of wireless communication applications. Other 
drawbacks include their sensitivity to heat, shock and vibration. For these reasons, MEM 
resonators are considered promising candidates to replace quartz-oscillators in VLSI 
communication systems, which could greatly benefit from their compactness, design 
flexibility, power saving and CMOS process compatibility.  
 
The earliest microresonator has been proposed by H.C. Nathanson in his experimental 
work dating as early as 1965 [1.21]. The original design, a resonant gate transistor 
(RGT), is shown in Figure 1.8, and was built at first from a metal rod (W, Au) and in later 
version, from metal (Al) layer [1.22], on silicon substrate.  
 
 
Figure 1.8. Original RGT schematic: The resonant cantilever rod G1 is insulated from the silicon substrate 
by 500nm SiO2 layer and is polarized with the positive voltage VROD. Input AC voltages applied to the 
insulated electrode G2 serve to attract and repel the rod, causing it to move in a direction perpendicular to 
the semiconductor surface (section A-A’). Motion of the free end of the rod (section B-B’) is detected by field 
effect modulation of the conductivity of an n-type surface inversion layer between two n-type source-drain 
contacts [1.21] 
 
RGTs promised great size reductions and substantial cost savings, but in reality 
advances were done at a very slow pace, and required vast research efforts, due to 
difficulties like adhesion, operational wear or related to the need of hermetic packaging.  
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Recent advances in microfabrication technology have finally made MEM resonators 
more practical, opening real perspectives for commercial applications. Today there is a 
great diversity of resonators, suitable for applications from medium frequency up to ultra 
high frequency.  
 
This thesis focuses on electrostatic MEM resonators, functioning at MHz frequency. 
Initial targeted applications were reference oscillators for GSM mobile phones (26MHz) 
and satellite-based or earth-based satellite oscillators for satellite communication 
(40MHz).  
 
Other important resonator classes are piezoelectric resonators and resonators with 
hybrid detection, which will also be discussed further on. 
 
1.2.1. Electrostatic MEM Resonators 
 
Applications in the range of 10’s of kHz up to few GHz could greatly benefit from the 
advantages promised by electrostatic MEM resonators. This class of devices is 
composed of mechanically resonating parts, capacitively operated and detected. Their 
functioning relies on the same principles as macro-scale resonators such as guitar 
strings or tuning forks: when the frequency of the forcing term matches the system's 
natural frequency of vibration, the structures will resonate (they will absorb more energy 
which will cause motion with higher amplitude than at any other frequency). By scaling 
the resonant structure down to micrometer dimensions, the resonance frequency, which 
can be calculated as mkfresres == πω 2  (where k is the resonator spring constant, 
and m represents its mass), is increased due to stiffness rise and mass decrease. 
Frequencies up to 1.5GHz have been demonstrated [1.23]. An important measure of the 
resonator performance is given by its quality factor, Q, which quantifies the ratio 
between the maximum stored energy and the dissipated energy per oscillation cycle. 
Maximization of the quality factor insures lower motional resistance, better filtering, 
sensitivity and improved overall efficiency of the device. 
 
Electrostatic MEM resonators use several resonant modes: 
 
• Flexural mode resonators: Beam resonators which vibrate in bending modes, the 
same way as guitar strings, are one main type of flexural devices. Figure 1.9 
shows the schematic of an in-plane clamped-clamped (CC) flexural beam 
resonator. Different clamping approaches are possible and have been tested: 
cantilever beams [1.24], CC beams [1.25-26] and free-free beams [1.27]. Another 
class of flexural resonators is represented by tuning forks, which vibrate in the 
same mode as the macroscopic object [1.28]. 
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Figure 1.9. Schematic of a doubly clamped beam flexural resonator. The dotted line in red 
indicates the targeted mode shape for this resonator 
 
Flexural devices have high motion amplitudes (up to a third of the actuation gap 
width), usually operate at frequencies in the 10kHz ÷ 100MHz domain and have 
quality factors limited to around 10’000. To achieve higher frequencies, very 
small dimensions should be used in the order of few microns or less, which have 
a negative impact on the device manufacturability and power handling.  
 
• Bulk mode resonators: As the flexural mode devices exhibit resonance 
frequencies and quality factors which are not suitable for GSM and satellite 
communication specifications, a particular focus has been recently placed on 
bulk-mode MEM resonators which are much stiffer structures, and thus may be 
operated at higher frequencies, up to 1.5GHz [1.23]. They can also achieve 
much higher quality factors compared to flexural modes. In addition, the quality 
factor of bulk-mode resonators is less sensitive to air pressure [1.29], resulting in 
lower vacuum requirements for the package and hence, in a lower cost 
technology. 
 
A large variety of bulk-mode MEM resonator designs has been investigated, 
which offer extremely high quality factors and frequencies. Figure 1.10 shows the 
schematic of a square resonator resonating in a Lamé mode [1.30]. Other 
designs include: longitudinal beam resonators [1.31], square resonators vibrating 
in an extensional mode [1.32], disk [1.23] and ring bulk resonators [1.33]. 
 
 
Figure 1.10. Schematic of a square Lamé-mode bulk resonator 
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Figure 1.11 presents a comparison of the quality factor with respect to the 
resonance frequency for different silicon flexural and bulk-mode resonator 
designs published in the literature. As already mentioned, flexural devices usually 
operate at frequencies below 100MHz, and have quality factors limited to 10’000, 
while bulk-mode resonators have been demonstrated up to 1.5GHz [1.23], and 
their quality factors can exceed one million [1.30]. 
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Figure 1.11. Review of quality factors vs. frequency for several flexural and bulk-mode 
resonators. 
 
Thick SOI bulk MEM resonators with extremely high quality factors have been 
reported. However, thick SOI1 is not a very appropriate substrate for SOI ICs 
where partially depleted or totally depleted MOSFETs are based on much thinner 
silicon layers (from 1μm down to tens of nm).  
 
Thin-film resonators are however limited in terms of quality factor since it mirrors 
the stored mechanical energy, which is proportional to their (small) volume. For 
this reason, thin film resonator optimized design (optimization of losses) 
becomes a major issue in order to find a good trade-off between miniaturization, 
performances and partially depleted SOI CMOS technology. Another challenge 
of electrostatic MEM resonators is the reduction of their motional resistance in 
the order of tens of kΩs or less, to meet oscillator design requirements, this being 
translated into the technological challenge of fabricating actuation gaps of less 
than 100nm. 
 
 
 
 
                                                 
1 The term thick SOI is employed here for silicon film thicknesses larger than 10μm 
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1.2.2. Piezoelectric Resonators 
 
1.2.2.1 Piezoelectric-MEM Contour Mode Resonators 
 
An interesting approach in decreasing the resonator motional resistances joins the MEM 
resonator operation principle with the piezoelectric properties exhibited by some 
materials such as aluminum nitride (AlN). The resulting device is called a contour-mode 
resonator and is composed of a suspended piezoelectric resonant structure sandwiched 
between two metal electrodes functioning in the same frequency range as the 
electrostatic MEM resonators, as shown in Figure 1.12 [1.34]. By applying an electric 
field on the electrodes, the structure tends to vibrate laterally, and thus it can be excited 
to resonate at frequencies set by its in-plane dimensions. 
 
 
(a) (b) 
Figure 1.12.  Schematic representation of one-port AlN contour-mode rectangular plate resonator [1.35] 
and (b) Schematic view of a one-port circular ring AlN resonator to be excited in a radial-extensional 
contour mode shape [1.36] 
 
Different resonator designs have been tested, like rectangular plates (Figure 1.12.a) 
[1.35] and rings (Figure 1.12.b) [1.36], for frequencies between 10MHz and 450MHz. For 
higher frequencies, up to 2.5GHz, higher-order contour modes of the rectangular 
geometry can be used, which employ alternating polarity electrodes to excite the desired 
mode [1.37]. Very low motional resistances ranging from 25Ω to 700Ω and quality 
factors as high as 4’300 have been demonstrated in air. 
 
Both one port and two port configurations are possible, each having advantages and 
disadvantages which need to be weighed depending on the targeted application: for 
example, the 2-port configuration offers electrical isolation of the input and output 
terminals which facilitates the transduction of the resonators at higher frequencies, but is 
potentially subject to the excitation of spurious unwanted modes.  
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1.2.2.2 Bulk Acoustic Wave Resonators 
 
For higher frequencies in the order of 1GHz up to 15GHz needed in modern wireless 
communication equipments, bulk acoustic wave (BAW) piezoelectric resonators exhibit 
very interesting performances: high quality factors compared to the LC tanks, low power 
consumption and great compactness, which make them very interesting options for 
portable applications. They also have lower frequency drift with the temperature [1.38] 
and better power handling [1.39] than classical surface acoustic wave (SAW) resonators, 
and they have lower cost, due to manufacturing processes which only use standard IC 
technology. BAW resonator technology uses materials and thermal budgets which are 
compatible with MEMS last cointegration approach [1.40], thus allowing even further 
performance enhancement and size reduction. Applications for BAW resonators count 
passive filters [1.41], voltage controlled oscillators (VCO) [1.42] and low noise amplifiers 
(LNA) [1.43]. 
 
BAW resonators are mainly composed of a piezoelectric film, sandwiched between 
metal electrodes and acoustically isolated from the substrate (Figure 1.13). Typical 
piezoelectric materials used for BAW resonators are aluminum nitride and zinc oxide, 
due to the preferred wave propagation towards the axis perpendicular to the film. Less 
frequently, lead zirconate titanate (PZT) may be used. Due to the piezoelectric effect, 
when an electric field is applied between the electrodes, the film is mechanically 
deformed generating bulk acoustic waves which propagate and reflect into the structure.   
 
An energy loss mechanism which limits the resonator’s quality factor results from the 
fact that a fraction of the generated waves are moving laterally, parallel to the electrodes 
and excite spurious modes. Furthermore, part of the energy dissipates into the 
substrate; thus, for maximum quality factor, the acoustic isolation should be made as 
effective as possible. 
 
Two different approaches to BAW resonators are distinguishable:  
 
• Thin film bulk acoustic wave (FBAR) resonators: This BAW resonator 
configuration uses a suspended metal-piezo-metal stack which is acoustically 
isolated from the substrate by an air gap (Figure 1.13).  
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Figure 1.13. Schematic of a thin film bulk acoustic wave resonator 
 
The freestanding membrane can be fabricated either (1) by etching a cavity into 
the silicon substrate which is then backfilled with a sacrificial material, on top of 
which the bottom electrode, the piezoelectric layer and the top electrode are 
deposited, patterned and finally released by etching of the sacrificial layer [1.44] 
or (2) by depositing and patterning a sacrificial layer with tapered edges, on top 
of which is formed the FBAR [1.45]. The main fabrication difficulty comes from 
the need of low-stress membranes, which imposes restrictions on the material 
choice. 
 
• Solidly mounted resonators (SMR): In a second approach, the piezoelectric film 
is fixed on the substrate from which it is acoustically isolated by a Bragg reflector 
(BR) made of quarter wavelength layers with alternating high and low acoustic 
impedance (typically SiO2 and W). An SMR schematic is presented in Figure 
1.14. 
 
 
Figure 1.14. Schematic of a solidly mounted resonator 
 
From a fabrication point of view, SMR manufacturing doesn’t need to concern 
about the stress in the layers, but their drawback comes from the fact that in 
addition to the loss mechanisms which are common to FBARS, SMRs can 
experience losses caused by the BR material selection, the incomplete 
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suppression of the energy lost through the back of the BR stack, or the resistive 
losses from interconnects which suffer from design restrictions from parasitic 
coupling to the BR stack [1.46].  
 
1.2.3. Hybrid Resonators with Intrinsic Gain 
 
At frequencies above few tens of MHz, MEM resonators become very stiff and their size 
decreases to few micrometers or even to submicron scales. Consequently, the resonator 
displacement becomes too small for efficient capacitive detection, and new electrical 
detection schemes become necessary. The same applies for resonators fabricated on 
thin films and to nanowire resonators, which have very small coupling due to the small 
resonator-to-electrode overlap. Two very interesting approaches to this problem are 
represented by (1) hybrid MEM – CMOS resonators, composed by movable parts 
together with the solid state device part which is involved in the detection and (2) hybrid 
MEM – piezoresistive resonators, composed by electrostatically actuated resonators 
whose motion is detected using the piezoresistive properties of silicon. By crossing the 
MEMS operation with CMOS or piezoresistive detection, the output signal levels are 
largely increased and the motional resistance of the resonator can be further reduced. 
 
1.2.3.1. Hybrid MEM - CMOS Resonators 
 
 Two different types of hybrid MEM - CMOS resonators have been reported: 
 
• The resonant suspended gate field effect transistor (RSG-FET): Based on the 
same principle as the RGT [1.22], the RSG-FET is composed of a metallic 
suspended beam actuated by an electrode and used as mobile gate for an 
underlying MOSFET structure [1.47]. Thus, the vibrating gate modulates the 
inversion charge in the MOS channel, which is detected through the output drain 
current. Figure 1.15 shows the RSG-FET schematic. The mobile gate can vibrate 
either vertically (Figure 1.15.a), or in-plane [1.48], as shown in Figure 1.15.b.  
 
  
(a) (b) 
Figure 1.15. Schematic of the resonant clamped-clamped beam RSG-MOSFET (a) with vertically 
vibrating gate [1.47] and (b) with in-plane vibrating gate [1.48] 
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The plot in Figure 1.16 shows an improvement in signal detection by +4.3dB 
compared to the capacitive detection, due to the intrinsic MOSFET gain for the 
in-plane device.  The beam has nanometer-scale sizes of length. L=10μm, width, 
w=165nm, thickness, t=400nm, and actuation gap g=120nm and vibrates at 
14.3MHz. 
 
 
Figure 1.16. Capacitive- and MOSFET-detection comparison on the dynamic response of the in-
plane RSG-FET [1.48] 
 
• The vibrating body field effect transistor (VB-FET): A second approach to 
MOSFET detection is represented by a moving MOSFET body with fixed gate (or 
multiple fixed gates). Figure 1.17 presents two possible resonator architectures: 
an in-plane flexural mode beam (Figure 1.17.a) and a square bulk mode 
resonator (Figure 1.17.b) [1.49]. Both resonators have lateral actuation nano-gap 
widths below 200nm, fabricated using an extension of the process developed 
during this thesis.  
 
  
(a) (b) 
Figure 1.17. (a) Measurement setup and top view SEM image of a flexural double-gate VB-FET 
resonator: the signal is applied on Gate 1, Gate 2 is biased with a DC voltage and the output 
signal is measured on the Drain. Inset: cross section of the sub-180nm gap between gate 
electrodes and vibrating body and (b) top view SEM image of a bulk mode VB-FET resonator with 
four independent lateral channels and gates [1.49] 
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Figure 1.18 demonstrates the VB-FET operation enhancement compared to 
classical 2-port capacitive detection (bottom-right). By using MOSFET detection, 
the output signal level is improved by more than +30dB using a single gate 
actuation and by almost +40dB with the double gate actuation. Very low motional 
resistances of 330Ω and 31Ω are achieved with VB-FET. 
  
 
Figure 1.18. Spectra of three different measurement setups: from right to left, 2-port capacitive 
detection, MOSFET detection using single gate actuation and MOSFET detection using double 
gate [1.49] 
 
1.2.3.2. Hybrid MEM - Piezoresistive Resonators 
 
Similarly to the resonant gate transistors, the piezoresistive MEM resonators are capable 
of signal amplification, thus are efficient solutions for high frequency operation where, as 
the motional amplitudes decrease, classical capacitive detection become insufficient. In 
contrast to the transistor behavior, in this approach mechanical strains in the resonator 
are used to modulate the conductivity of silicon [1.50]. 
 
Figure 1.19 presents a schematic view of the hybrid MEM-piezoresistive resonator 
layout.  
 
 
Figure 1.19. View of the MEM-piezoresistive resonator layout [1.50] 
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The resonator is mechanically excited by an electrostatic force using a “gate” voltage 
that is applied over an air gap. At resonance, the structure motion induces a mechanical 
strain in the arms, which is detected by measuring a change in resistivity due to 
piezoresistive effect. 
 
In order to obtain signal amplification, the voltage gain at resonance should exceed 
unity. This can be obtained by several means:  
- increasing the bias voltage and current,  
- orienting the resonator arms with respect to the Si crystal lattice in such a way 
that the piezoresistive coefficient is maximized,  
- increasing the quality factor of the structure,  
- increasing the stress through resonator geometry optimization (small gaps and 
large width ratio between resonator and arms). 
 
1.3. Open Challenges on Electrostatic MEM Resonators 
 
Despite major achievements in the field of MEM resonators, there still remains a number 
of important challenges which need to be addressed before the technology can be 
considered completely established. 
 
From the resonator technology and design point of view, stable, low cost and high yield 
processes for fabricating devices with extremely narrow (sub 100nm) transduction gaps 
are vital to achieve acceptably low impedance levels. In order to fully benefit from the 
performance, size and cost improvements promised by MEM resonators, IC-integration 
should be proven. Also, enhanced designs for better power handling capability and 
higher Q (through loss reduction) are necessary.  
 
Other major challenges are related to application specifications, like the temperature 
stability and the packaging.  
 
• Temperature stability: While quartz crystals provide excellent frequency stability 
with temperature (below 1 ppm/°C depending on the crystal cut), typical MEM 
resonators only offer temperature drifts in the order of -30 ppm/°C [1.51], due to 
their temperature dependent spring constant which results in a decreasing 
resonant frequency with increasing temperature. Current temperature 
compensation methods for MEM resonators are complicated, not very efficient 
and may adversely affect the long-term stability of the device. Among these 
techniques we count the electronic compensation through voltage tuning or 
frequency synthesis [1.52], or the passive compensation through addition to the 
structure of a different material with opposed thermal coefficient [1.53-55]. Thus, 
the subject still needs further research and implementation of novel solutions. 
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• Packaging: Currently, the MEM resonator packaging technology is a primary 
limitation in using the devices for commercial applications. MEM resonators are 
fragile structures, which need to be protected by very clean, enclosed 
environments from any contaminant which would degrade their short- or long-
term performance. Most resonators would greatly benefit from a vacuum 
packaging which ensures low damping, thus high quality factors. Additionally, the 
package should not degrade the MEMS performance through addition of 
parasitic capacitances or stress-induced stiffness changes. Last but not least, the 
packaging should meet all those requirements while still keeping a low price. 
Three approaches for realizing the encapsulation are currently in use: wafer-to-
wafer bonding (well established, but requires bond-pad access, low topography 
and high process temperatures) [1.56], die-to-wafer bonding (better in terms of 
temperature requirements) [1.57] and thin film embedding of the devices (most 
compact, versatile, more wafers can be processed in parallel, but laborious) 
[1.58-59]. Figure 1.20 presents the SEM cross section of a capped resonator 
using epitaxial silicon encapsulation layer [1.59]. In this approach, the devices 
are protected during capping by sacrificial SiO2 film, which is removed in the end 
of the process by vapor HF through venting holes etched in the encapsulation 
layer. Finally, the holes are sealed in high vacuum atmosphere, by oxide 
deposition, ensuring a protected, low-damping environment for the resonators.  
 
 
Figure 1.20. SEM cross section through MEM resonators embedded in silicon encapsulation 
layer. [1.59]. 
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1.4. Summary and Motivation of the Work 
 
In this introductory chapter, we have presented a brief MEMS technology overview 
including the main branches of the field with examples, and a discussion about the 
different IC integration approaches and challenges. A description of MEM resonator 
architectures was then provided, with focus on the most important categories: the 
electrostatic MEM resonators, the piezoelectric and the hybrid resonators with intrinsic 
gain. For each group, several main types of resonators have been identified and 
discussed. Finally, the last section discusses the main electrostatic MEM resonator open 
challenges still remaining to be addressed in the future, from a technology and design 
point of view, and application-wise. 
 
This thesis work started in 2004, from the need of finding solutions to some of the 
current MEM resonator issues: 
 
• A design was researched, which provides high quality factor operation, with low 
motional resistance and operating at low DC bias levels, and optimization work 
has been carried out 
 
• A robust process flow was developed for fabricating resonator devices with deep 
submicron (~100nm) and high aspect ratio transduction gaps without the need of 
advanced lithography, which is scalable on thin and thick SOI layers  
 
• Device characterization was successfully performed in order to demonstrate 
resonator operation, and also to investigate key issues like nonlinear behavior 
and performance in a wide temperature range. 
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Chapter 2 
 
 
 
 
 
 
 
MEM Resonator Modeling, Design 
and Simulation 
 
 
 
 
 
 
 
 
 
This chapter is divided into three main parts: a theoretical modeling part, a design part 
and an optimization part, mainly based on finite element simulations. 
The first section presents the resonator model, the electrical equivalent circuit in linear 
conditions, the nonlinear behavior which degrades the resonator’s performance at high 
vibration amplitudes, and finally a discussion about the resonator quality factor and 
different loss mechanisms which can affect its performance. 
The design section introduces two device classes studied throughout the following 
chapters: longitudinal beam resonators and the novel fragmented membrane resonator 
designs which respond to both high quality factor and low motional resistance 
requirements. 
The final optimization part discusses some of the issues affecting the resonator 
performance and proposes structure optimizations for stable resonance frequency with 
minimal losses due to anchoring and energy coupling to spurious vibration modes. 
Following chapters will present the original fabrication process used to manufacture the 
proposed devices, and their successful characterization.  
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2.1. Modeling of Bulk-Mode Resonators  
 
2.1.1. Mechanical Model in Linear Conditions 
 
Figure 2.1 shows the mechanical lumped model for the MEM resonator. The equation of 
motion for forced oscillations of this system is: 
 
tsinFfkxxxm ωγ ==++ &&&  (2.1) 
 
where m is the mass, γ is the damping, k is the linear spring constant of the resonator 
and f is the forcing term with the magnitude F. We also define the quality factor 
γkmQ =  and the resonance frequency mkres =ω . 
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Figure 2.1. Schematic of the mass-spring-dashpot system 
 
The solution of this equation gives the sinusoidal displacement of the resonator, caused 
by the forcing term [2.1, 2.2]: 
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The amplitude of vibration, |x|, is then equal to: 
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At resonance, ω=ωres, and the amplitude becomes: 
k
fQx =  (2.4) 
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The MEM resonator is actuated using an electrostatic force, fe. The coupling is provided 
by capacitive transduction over a narrow gap, g, which separates the resonator from the 
electrode.  
 
Knowing that: 
x
Efe ∂
∂=  (2.5) 
 
2
2
1CvE =  (2.6) 
 
tsinVVvVv ACDCacDC ω+=+=  (2.7) 
 
where E is the energy of the system, C is the transducer working capacitance, 
VDC is the bias voltage and vac is the alternating excitation voltage, the electrostatic force 
can be calculated as: 
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where ε0 is the vacuum permittivity and A is the overlap area between the resonator and 
the electrode. 
 
The first term in the bracket represents the constant component of the force, caused by 
the DC bias. In normal operation, the high order terms are very small, and can be 
neglected. The second term is the signal component of the force: 
 
tsinVV
g
AtsinFf ACDC ωεω 20≅=  (2.9) 
 
This force excites the resonator to vibrate, creating a DC-biased, time-varying capacitor 
between the movable structure and the electrode, which sources an output current given 
by: 
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where we identify  
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as the electromechanical coupling coefficient which establishes the connection between 
the mechanical and electrical domains (velocity and current) [2.2] 
 
2.1.2. Small Signal Electrical Equivalent Circuit  
 
Figure 2.2 presents the equivalent series RLC circuit which can be used to model the 
operation of a MEM resonator. The intrinsic resonator behavior is modeled using a 
motional inductance Lm, a motional capacitance Cm, and a motional resistance Rm, which 
are physical representations of the resonator mechanical properties: effective mass 
(meff), stiffness (keff) and damping (γ) respectively. Cs is the feedthrough capacitance 
between port 1 and 2 and Cp are the capacitances coupling the pads to the substrate.  
 
 
Figure 2.2. Small signal equivalent circuit  
 
Using the electromechanical coupling coefficient (Equation 2.11), the lumped elements 
can be calculated as shown below, in Equations 2.12 - 2.14. [2.2] 
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At resonance, 
mresmres CL ωω 1= , thus the equivalent inductance and capacitance 
cancel each other, and the resonator admittance becomes equal to: 
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m
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Y ω+= 1  (2.15) 
 
Two currents are possible: from the feedthrough capacitance and from the resonator 
motion, which should dominate.  Consequently, in order to maximize the desired current, 
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Rm should be as small as possible, by building structures with small mass, stiffness, and 
high electromechanical coupling. 
 
Knowing that 
effeffres mk=ω , we can detail the motional resistance formula, as 
follows: 
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It becomes clear that in order to minimize Rm, while keeping reasonable DC bias levels, 
the most important design parameter is the gap width, g. The overlap between the 
electrode and the resonator (w*h) and the quality factor should also be maximized.  
 
2.1.3. Nonlinear Effects in MEM Resonators 
 
The linear model previously presented is only usable when small-displacement 
characteristics of the device are requested. However, MEMS structures can present 
strong nonlinearities due to large signal related phenomena, which limit the power 
handling of the device and hence the maximum signal-to-noise ratio which can be 
achieved. 
 
Nonlinearities in electrostatically actuated MEM resonators, also called amplitude-
frequency (A-f) effects, create Duffing bifurcation instabilities, and excess phase noise 
[2.3]. The nonlinear effects can have mechanical and capacitive origin. Even though 
single crystal silicon is considered to be a quasi-linear material until the fracture point, in 
micromechanical structures with very high Q even small material nonlinearities can 
become significant. Another source of mechanical nonlinearity is the geometrical 
deformation of the structure under large forces. The capacitive nonlinearity is inherent to 
the electrostatic coupling mechanism, due to inverse relationship between displacement 
and parallel plate capacitance [2.4]. 
 
Figure 2.3. presents a schematic view of the nonlinearity effect on the resonator 
response [2.5]. At the bifurcation point, xb, the A-F curve has an infinite slope. Above 
bifurcation, the curve is no longer a single-valued function, but it shows a hysteretic 
behavior. Thus, the response becomes dependent on the frequency sweep direction: if 
increased, the resulting response will follow the first curve; if decreased, it will follow the 
second one. As indicated in the nonlinearity graphs, the greatest vibration amplitude 
before hysteresis, called the critical vibration amplitude, xc, is higher than the vibration 
amplitude at the bifurcation point. This parameter can be used to estimate the limit for 
linear operation. 
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Depending on the type of nonlinearity, the spring can (1) soften (usually due to 
capacitive nonlinearity), bending the response to the left, as shown in Figure 2.3.a., or 
(2) it can become stiffer (typically due to mechanical effects), and the response will bend 
to the right, as shown in Figure 2.3.b.  
 
  
(a) (b) 
Figure 2.3. Schematic of nonlinear displacement amplitude vs. frequency around resonance. (a) The curves 
bend to the left in case of spring softening or (b) to the right if the spring becomes stiffer. 
 
In order to take into account the nonlinear effects, the linear spring constant, k, has to be 
replaced in the equation of motion for forced oscillations (Equation 2.1) with the 
nonlinear spring, k(x)=k0(1+ k1x+ k2x2+…). Thus, if we take into consideration only the 
first three nonlinear terms, the equation of motion becomes: 
 
fxkxkxkxxm =++++ 32210&&& γ  (2.17) 
 
According to [2.3], the critical drive level can be calculated as: 
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where k is the A-f coefficient due to mechanical (km) or electrical (ke) origin. 
 
It is interesting to note that as shown by Equation (2.18), a higher quality factor will 
decrease the critical level. Thus, by increasing Q, the resonator will become more prone 
to nonlinear effects. Also, Equation (2.19) shows that resonators with extremely narrow 
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gaps will be affected by mechanical nonlinearities. An optimum should be thus found 
between improved capacitive coupling and power handling ability of the device.  
 
In order to increase the power handling, the A-f coefficient should be minimized, by 
increasing the resonator mass, frequency and transversal cross-section, w*h (which will 
also improve the capacitive coupling, due to higher electrode-to-resonator overlap).  
 
2.1.4. Quality Factor and Loss Mechanisms in MEM Resonators  
 
The quality factor of a resonator is a measure of the ratio between the maximum stored 
energy and the dissipated energy per oscillation cycle:  
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In mechanical resonators, operating in linear regime, the quality factor is defined starting 
from Equation (2.1). By normalizing it to the resonator mass, m, we obtain: 
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or we can rewrite it as: 
 
m
fxxx resres =++ 22 ωζω &&& (2.22’) 
where we define the damping factor, ζ, as: 
 
resmω
γζ
2
=  (2.23) 
 
When ζ=1, the system is critically-damped, and the system converges to zero fastest 
than in any other case, without oscillating. When ζ>1, the over-damped system will still 
not oscillate, but it will take longer to converge to zero. 
 
When ζ<1, the system is under-damped, and it oscillates at a natural frequency ωres. In 
this case, the quality factor is defined in relationship to the damping factor and the 
resonance peak will have higher amplitude with higher Q: 
 
ζ2
1=Q  (2.24) 
 33
 
The quality factor of a resonator is experimentally approximated from the 3dB bandwith 
(BW3dB): 
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= π
ω  (2.25) 
 
According to Equation (2.21), in order to increase the quality factor of a resonator which 
oscillates at a given frequency ωres, it is possible to either (1) maximize the stored energy 
by increasing the mass, or (2) to reduce the energy losses. 
 
There are several different loss mechanisms [2.6] which decrease the total quality factor 
of a device and that should be minimized: 
 
? Air Damping (Viscous Damping) [2.7-8]: When oscillating, the resonator has to 
overcome the resistance of air trapped in the actuation gaps (squeeze-film 
damping) and those generated by friction with air for the sides parallel to the 
vibration displacement (slide-film damping). The energy loss caused by squeeze-
film damping dominates when it exists. This source of energy loss is dominant at 
low and medium frequencies, and it can be avoided by packaging the resonator 
under vacuum. 
 
? Thermoelastic Damping (TED) [2.9]: TED is a design-dependent type of loss, 
caused by the cyclic temperature gradient generated in the resonator’s body by 
opposing volume changes due to vibration. The resonator will dissipate heat to 
return to the equilibrium state, thus loosing energy.  
 
? Internal Friction [2.10]: This effect is generated by material imperfections like 
metastable defects (impurities, dangling or broken bonds), which cause energy 
dissipation in the form of heat. The contribution of these losses to the system 
depends on both the material and fabrication technology used. 
 
? Acoustic Anchor Losses [2.11-12]: MEM resonators are freestanding structures, 
anchored to the substrate with suspension tethers or pillars. In all cases, the 
suspensions create paths of energy dissipation, which can be minimized by 
placement in the nodal points of the resonating structure, by choosing small 
widths, and by carefully designing their shape / dimensions for low motion of the 
suspensions.  
 
? Energy Transfer to Other Vibration Modes: If the desired mode is in the close 
vicinity of other spurious modes, they can couple, generating energy loss of the 
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main mode. The separation between these modes can be enlarged by carefully 
designing the resonator. 
 
All the abovementioned loss mechanisms add up directly for total energy loss, and the 
overall quality factor can be expressed as: 
 
couplingernalintTEDacousticviscoustotal QQQQQQ
111111 ++++=  (2.26) 
 
In most cases, the thermoelastic damping and internal frictions are negligible. Also, if the 
resonator is operated under vacuum, the losses due to air damping are very small. 
Therefore, the most important phenomena affecting the quality factor are the acoustic 
anchor losses and the energy transfer through coupling to other vibration modes. 
 
2.2. Resonator Designs  
 
In this work, two main resonator designs were investigated, which will be detailed in the 
following sections: a longitudinal beam resonator, and a fragmented membrane 
resonator. Both types of devices are designed to vibrate in bulk modes. This choice was 
made considering the trend from Figure 1.11: due to larger sizes, bulk mode resonators 
are less susceptible to fabrication tolerances and thus can attain larger frequencies with 
better precision than flexural mode devices, and they usually have higher reported 
quality factors.  
 
Simulations of the resonator designs included in this work have been performed using 
finite element method (FEM) software ANSYS. The main goal was to select designs, to 
analyze their operation and to optimize them for lower losses, thus higher quality factors. 
Both modal and harmonic analyses have been used to determine the natural 
frequencies, the mode shapes of the structures and the associated displacements.  
 
2.2.1. Longitudinal Beam Resonators 
 
Figure 2.4 presents one of the selected designs analyzed in this work, a longitudinal 
beam resonator. It is a relatively simple design, which has been previously fabricated 
and characterized by other groups also [2.13]. Our mail goal for investigating it was to 
evaluate our technology and to study a simple and well understood design, which 
precedes the original fragmented-membrane resonator presented further on. 
 
This resonator vibrates in a Lamé mode, which couples longitudinal and lateral 
vibrations, with each two opposite sides moving in anti-phase. Due to the very low width-
over-length ratio of our design, the longitudinal movement is negligible and thus the 
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vibration mode is also called lateral length-extensional. The resonance frequency of the 
fundamental mode is determined mainly by its length, according to [2.14]: 
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Figure 2.4. SEM image of a longitudinal beam resonator. 
 
The main disadvantage of the longitudinal beam resonators is that due to the small 
overlap between the resonator and the electrode, they have high motional resistances. 
In order to lower Rm, an “improved” beam design which widens near its ends was also 
designed and tested. Figure 2.5 shows an SEM image of this device. Characterization of 
both resonators is presented in Chapter 4, demonstrating the motional resistance 
decrease of the improved design. 
 
20μm
 
Figure 2.5. SEM image of an “improved” longitudinal beam  
 
2.2.2. Fragmented-Membrane Bulk Lateral Resonators 
 
Another approach for increasing the electrode-to-resonator overlap is by connecting in 
parallel many longitudinal beams. This design, called a fragmented-membrane BLR 
MEM resonator, is presented in Figure 2.6. The device is fabricated on SOI substrate 
and operated with capacitive detection. Two SOI wafers with silicon film thicknesses of 
1.5μm and 6.25μm were used, resulting in two groups of resonators: we will classify as 
type-A the resonators built on 1.5μm layer and type-B the ones on 6.25μm layer. The 
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MEMS structure in Figure 2.6.a is a type-B resonator, with simple suspension arms, 
functioning in a 24.46MHz bulk mode, as shown by ANSYS finite element modeling 
simulations in Figure 2.6.b. 
 
  
50um
50um
 
(a) (b) (c) 
Figure 2.6. (a) Optical image of a fabricated type-B fragmented-membrane bulk-mode MEM resonator with 
20 parallel connected beams, (b) ANSYS simulation showing the mode shapes for a 24.6MHz fragmented-
membrane resonator and (c) Anchor-loss optimization: ‘simple-arm’ (top) vs. ‘T-arm’ (bottom) 
 
The MEM resonator is composed of a rectangular membrane fragmented by parallel 
rectangular holes, which serve a double purpose: (1) they enable the resonator to be 
designed as a multi-beam structure (with all the beams connected in parallel, which 
increases the lateral actuation width), and (2) they allow easier sacrificial layer etching.  
 
This design answers the task of obtaining a high frequency resonator with high quality 
factor. In order to further reduce the losses, design variations were investigated (e.g. 
different types of suspension arms for lower anchor losses). Figure 2.6.c shows the SEM 
images of two different arm types, a ‘simple-arm’ (top) and a ‘T-arm’ (bottom), designed 
for reduced anchor losses, as it will be discussed in Section 2.3.3.2. 
 
The one dimensional model of fundamental vibration frequency presented from Equation 
(2.27) is corrected with the mass loading corresponding to beam parallel connections, 
resulting in the following expression:  
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where β=0.942 is a correction factor, which reflects the keff/meff ratio deviation from the 
single-beam model, due to the added mass. 
 
Table 2.1 summarizes the design parameters of the fragmented-membrane resonators 
investigated in this thesis. 
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Table 2.1. Design Parameters of Fragmented-Membrane MEM resonators. Resonator type refers to the 
silicon film thickness. Type-A stands for 1.5μm SOI, and Type-B for 6.25μm SOI wafers 
Resonator type 
A 
simple-arm 
B 
simple-arm 
B 
T-arm 
E [GPa], Si Young’s modulus 1251 165 
ρ [kg/m3], Si density 2330 
Lb [μm], beam length 161 
wb [μm], beam width 5 
Nb,  nb. of parallel beams 20 
Lc [μm], lateral connection length 195 
wc [μm], lateral connection width 5 
Larm [μm], arm length 20 10 30 / 70 
w [μm], electrode width 183 
g [nm], gap width 2501 100 
h [μm], SOI thickness 1.31 6.25 
 
2.3. Resonator Design Optimizations 
 
Two types of optimizations were done that will be presented in the following sections: 
- frequency stability and energy loss optimization with respect to the width over 
length ratio of the device 
- suspension arm length and shape optimization to avoid energy losses to the 
anchors or transfer to spurious modes. 
 
2.3.1. Frequency Roll-Off  
 
An important parameter which needs to be considered when designing any bulk 
rectangular resonator is the width-over-length ratio. Even though the analytical formula 
for the resonance frequency (Equation 2.27) indicates that fres is independent of the 
width, w, of the resonator, more accurate modeling shows that as w increases beyond a 
certain value with respect to the resonator length, the frequency starts to roll-off, 
probably due to the Poisson effect [2.15]. As the fragmented membrane resonator 
design is composed of multiple longitudinal beams connected in parallel, where each 
beam has a small w/L ratio, it does not suffer from frequency roll-off. 
 
Figure 2.7. plots the Lamé-mode resonance frequency of a BLR with respect to the w/L 
ratio. The values were obtained from ANSYS simulations. The plot shows that the 
frequency is constant for w/L ratios between 0.1 and 0.8. Below this interval, we notice a 
very slight increase, probably due to arms-induced stiffening. Above it, the frequency 
decreases rapidly, as previously explained. Thus, we obtain a superior limit for the 
                                                 
1 Reduced Young’s modulus, gap-width and thickness as a result of unwanted silicon galvanic corrosion 
which will be discussed in Chapter 3.  
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resonator width, which sets a consequent limit for the minimum achievable motional 
resistance, Rm. 
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Fig. 2.7. Frequency roll-off for the Lamé-mode as a function of resonator width-over-length ratio 
 
2.3.2. Energy Transfer to Other Vibration Modes 
 
As already mentioned, an important design parameter for MEM resonators is the width-
over-length ratio (w/L) of the BLR.  
 
Figure 2.8 plots the resonance frequency versus w/L of the lowest order Lamé-mode 
and two other nearest modes (the “corner”-mode in green and the extensional-mode in 
red). For w/L’s between 0.7 and 2, the natural frequencies of the three modes are very 
near, and thus the energy losses to other modes are enhanced. 
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Figure 2.8. Lamé-mode, “Corner”-mode and Extensional-mode frequencies as functions of resonator w/L 
 
Figure 2.9 shows the three modes studied for a square resonator (w/L=1): the targeted 
Lamé-mode (Figure 2.9.a) and the two parasitic modes from its vicinity (the “corner”-
mode shown in Figure 2.9.b and the extensional mode from Figure 2.9.c). 
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(a) (b) (c) 
Figure 2.9. Three studied bulk modes for a square MEM resonator: (a) Lamé, (b) “corner” and (c) square-
extensional 
 
Given the frequency roll-off and the spurious modes close proximity at certain w/L ratios, 
we can draw the conclusion that for stable frequency and a minimum energy loss of the 
Lamé mode, the rectangular resonator dimensions should respect the rule: 
w/L=[0.1,0.8].  
 
2.3.3. Anchor Loss Reduction 
 
Resonating structures which are anchored to a substrate lose a certain amount of 
mechanical energy through the suspension tethers. This energy dissipation sets a limit 
for the maximum attainable quality factor. Therefore, it is important to optimize both the 
dimensions and the location of the tethers in order to maximize Q.  
 
The anchor losses are affected by the placement, size and shape of the suspension 
tethers. For an optimal result, the resonator should be suspended from its nodal points, 
and the tethers should be as thin as possible, in order to minimize the impact on the 
resonator movement. Due to practical reasons (fabrication tolerances, rigidity issues), all 
anchors have finite width and it is impossible to fix them at the nodal point alone. Thus, 
the tether shape and dimensions become significant in minimizing anchoring losses. 
 
2.3.3.1. Tether Length Optimization 
 
Figure 2.10 plots the simulated and the analytical resonance frequencies of a 
longitudinal beam resonator oscillating in Lamé-mode (blue curves) and the simulated 
one for the tether beam (red curve), with respect to the arm length (AL). We can see that 
the Lamé-mode has a constant frequency in all points apart from the values where the 
tether length approaches λ/2. At half-wavelength, the suspension resonance frequency 
equals the one of the Lamé mode, generating energy losses and frequency shift of the 
latter. This behavior is periodical, with a period of λ/2.  
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Figure 2.10. Simulated and analytical resonance frequency vs. arm length for a longitudinal-beam resonator 
(blue curves) and the doubly-clamped beam composed by the resonator arms (red curve) 
 
Consequently, in order to minimize the impact of anchoring on quality factor but also on 
resonance frequency, λ/4 arms have been designed. 
 
This result is not surprising, since vibrating beams can be modeled as mechanical 
transmission lines and from the transmission line theory results that at half wavelength 
there is full energy transmission into the anchors, while at quarter wavelength we obtain 
maximum reflection of the energy back to the resonator.  
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Figure 2.11. Simulated displacement (with blue) and frequency (with red) of a fragmented membrane 
resonator, with respect to the arm length 
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Similar behavior is observed for fragmented-membrane resonators, as presented in 
Figure 2.11. Periodically, with the same period of λ/2, the resonator displacement has a 
sudden drop from its constant value and at the same time, the resonance frequency 
shifts. The arm length value, a, where the first shift occurs is design dependent, 
influenced mostly by the spacing between the beams which compose the membrane. 
 
2.3.3.2. Tether Shape Optimization 
 
Another aspect which has an influence on the energy loss is the suspension shape. In 
addition to the simple-beam arms (Figure 2.12.a) we have also designed T-shaped arms 
(Figure 2.12.b). Characterization results for both device-types are presented in Chapter 
4, demonstrating improved resonator performance for the T-shape arm configuration. 
 
  
(a) (b) 
Figure 2.12. Design layout of (a) simple-arm resonator and (b) T-arm resonator 
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2.4. Summary 
 
In this chapter we have presented the bulk-mode MEM resonator modeling, design and 
finite element simulation. Bulk-mode MEM resonator modeling in linear conditions was 
presented starting from the equation of motion for a mass-spring-dashpot system. Then, 
the small signal electrical equivalent circuit, which converts the mechanical domain 
parameters into electrical ones, and the nonlinear resonator behavior, were explained.  
 
The work in this thesis is focused on two resonator design classes, both vibrating in bulk 
modes: (1) a simple longitudinal beam resonator and an optimized beam, whose ends 
are widening in order to increase the resonator-to-electrode overlap and thus to 
decrease the motional resistance and (2) a novel fragmented-membrane bulk lateral 
resonator composed of parallel longitudinal beams connected together at their ends. 
 
We have discussed the device width-over-length ratio effect on the resonant frequency 
and quality factor, and we have given ANSYS finite element modeling simulation-based 
design guidelines to avoid the Poisson effect-induced frequency roll-off and the energy 
losses due to energy coupling to spurious vibration modes. Moreover, a guideline for 
optimal anchor design has been proposed, based on transmission line theory, and 
confirmed by simulations, which will minimize the acoustic anchor losses, and thus 
improve the resonator’s quality factor.  
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Chapter 3 
 
 
 
 
 
 
 
Nanogap MEM Resonator 
Technology 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter describes in detail the original nanogap fabrication process used in this 
thesis. Based on a lateral spacer technique, we manufacture lithographic constraint-free, 
fully monocrystalline silicon resonators with very narrow transduction gaps.  
The chapter starts with an introductory part which briefly reviews the current silicon-
based nanogap resonator fabrication methods. Most interesting and effective, the lateral-
spacer technique stands as starting point for the fabrication process developed during 
this work. Detailed descriptions of each fabrication step are given, including discussions 
on the main challenges and their solutions. 
Successful characterization of the devices fabricated with this process is presented in 
Chapter 4.  
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3.1. Motional Resistance Reduction: Role of Gap Scaling and Silicon Film 
Thickness 
 
Micro-Electro Mechanical (MEM) resonators promise to be a viable alternative to stable 
but bulky quartz crystals, due to their remarkably miniaturized sizes which allow high 
integration levels. In order to extend the operating frequencies domain in the MHz to 
GHz range, the resonator size, so also the actuation area is dramatically decreasing, 
and it becomes challenging to maintain acceptable resonator impedance (Rm) and power 
levels. Moreover, if one would like to maintain a reasonable capacitance coupling for 
resonators realized on relatively thin films (less than 10μm), it becomes extremely 
important to significantly reduce the actuation gap which separates the resonator from 
the fixed electrodes. 
 
As detailed in Chapter 2, the motional resistance of a MEM bulk lateral resonators (BLR) 
can be calculated as [3.1]:  
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where keff and meff are the effective spring constant and mass, Q is the quality factor and 
η is the electromechanical coupling coefficient. In the second part of the expression, VDC 
is the bias voltage and ε0 is the vacuum permittivity; g is the gap width, h the silicon layer 
thickness and L and w are resonator length and width, respectively. 
 
As Equation (3.1) shows, in order to meet the specifications for practical applications, 
e.g. low motional resistances at low DC biases and high quality factors, it is essential to 
decrease the gap width, while maximizing the trench aspect-ratio (h/g) as much as 
possible. Also, as the quality factor is proportional to the resonator mass, the thickness 
(which doesn’t affect the resonance frequency) can be maximized for improved 
performance.  
 
As an example, let’s consider a beam resonator which vibrates laterally in a bulk mode, 
as shown in Figure 3.1. The resonator parameters are summarized in Table 3.1. For this 
device, we can calculate the motional resistance value as a function of the transduction 
gap width using Equation (3.1). The resulting values are plotted in Figure 3.2., for two 
different resonator silicon film thicknesses, which correspond to the SOI wafers used in 
this work. For Rm values below 500kΩ, the gap should measure less than 200nm. We 
have targeted and achieved gaps in the 100nm range, with aspect-ratios as high as 
[60:1]. 
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 Figure 3.1. Schematic of a longitudinal beam 
resonator 
Table 3.1. Longitudinal beam resonator design and 
material parameters 
Layer thickness, h [μm] 1.5 / 6.25 
Resonator width, w [μm] 10 
Resonator length, L [μm] 161 
Resonance frequency, fres [MHz] 26 
Vacuum permittivity, ε0 [A2s4kg-1m-3] 8.85E-12 
Young’s modulus, E [GPa] 165 
Density, ρ [kg/m3] 2330 
DC bias, VDC [V] 10 
Quality factor, Q 100’000  
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Figure 3.2. Motional resistance dependence on the gap width of the beam BLR for two different resonator 
thicknesses: 1.5μm and 6.25μm. 
 
The silicon film thickness choice was made keeping in mind that the thicker the device 
layer, the more relaxed will be the requirements on needed nanogap width, in order to 
reach a given motional resistance. Moreover, for thicker film resonator, higher quality 
factors can be expected, due to larger mass and thus increased energy storage. A 
middle ground had to be found between the layer thickness and the gap width, so the 
first technology run was carried out on 1.5μm-thin SOI, and the second one on 6.25μm. 
This thickness range corresponds to partially depleted SOI, which can be a substrate of 
choice for the fabrication of future integrated hybrid MEMS-CMOS integrated circuits for 
communication applications. 
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3.2. Silicon-Based Lateral Nano-Gap Fabrication Methods 
 
Several different methods have been reported in the literature for achieving resonators 
with very narrow, nanometer-sized gaps on silicon platforms, which will be discussed 
further on:  
 
• By FIB-milling, nano-gap MEM single-crystal-silicon (SCS) resonators can be 
rapidly prototyped [3.2] by locally milling very narrow gaps in the hard mask layer 
using gallium ions from the focused ion beam, and then transferring them into the 
silicon resonator layer through dry etching. Gaps with widths in the order of 50nm 
have been obtained in 300nm and in 1.3μm silicon films, as shown in Figure 3.3. 
This process though is only suitable for fabricating a small number of test 
structures and not for batch processing. Other inconvenients are the local 
contamination with gallium ions and the possible silicon amorphization. 
 
  
(a) (b) 
Figure 3.3. Cross section through nanogaps obtained by FIB milling of the mask and transfer into 
(a) 300nm and (b) 1.3μm SOI layers [3.2] 
 
• E-beam lithography can be used to pattern very narrow trenches. Widths in 
photoresist as small as 47nm have been testified [3.3] However, this paper 
reports 120nm-wide gaps with a depth of 400nm, probably due to etch-related 
widening (Figure 3.4).  
 
 
Figure 3.4. SEM picture of a beam resonator with 120nm-wide gaps, patterned by e-beam 
lithography [3.3] 
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Even though the resolution achievable by e-beam lithography is remarkable, the 
process is slow and expensive, thus not very well suitable for mass production. 
Also, another e-beam related challenge is the need of advanced dry-etching 
recipes, capable of transferring the pattern in the silicon layer with high selectivity 
with respect to the photoresist, and in the same time avoiding excessive 
widening of the gap. 
 
• Another possibility is to employ a gap reduction technique [3.4]. The hard mask 
is initially composed of two layers: silicon nitride and polysilicon on top. The 
polysilicon is patterned by optical photolithography and then it is oxidized, thus 
the gap widths reduce to sub-micrometer dimensions. The oxide is then used to 
etch through the silicon nitride and the silicon, resulting in gap widths as small as 
200nm, with aspect ratios of [60:1], shown in Figure 3.5. Main drawbacks of this 
method include the gap width variation of up to 50nm at wafer level, and mask-
induced vertical sidewall striation. 
 
 
Figure 3.5. SEM cross sections through 210nm gaps with [60:1] aspect ratios, fabricated by gap 
reduction [3.4]. 
 
• A very promising method is the lateral gap-spacer technique, which defines 
vertical gaps by depositing a very thin vertical layer between two structures 
composed of a different material, and then by selectively removing it. Thus, a 
lithography free, very narrow space is left between the two structures. This thesis 
work is based on the same principle, as will be explained further on. 
 
One possible approach, suitable for MEMS-last cointegration with electronics, is 
to fabricate poly-SiGe devices using a poly-Ge spacer. Early work [3.5] has 
shown problems with the stress and strain in the structural layer, causing great 
reduction of the transduction gaps (to almost zero) and vertical deflection of the 
resonators. Other reported problems were related to gap widening during release 
due to low selectivity of the wet etch solution between poly-Ge and poly-SiGe 
and also very high temperature drift of the resonance frequency of certain 
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flexural designs due to thermal mismatch between the poly-SiGe structure and 
the Si substrate. More recent results [3.6] demonstrate improvements in 
deposited poly-SiGe stress levels and in etch selectivity. The thermal drift was 
also reduced using centrally-anchored disk designs. Images of the reported 
device are presented in Figure 3.6. 
 
  
(a) (b) 
Figure 3.6. SEM image of a poly-SiGe disk (a) top-view and (b) cross-section [3.6]. 
 
Other groups have used silicon oxide or polysilicon spacer layers to fabricate 
nano-gap resonators composed from different materials, as will be later 
discussed. SEM images of such resonators are shown in Figure 3.7. 
 
  
(a) (b) 
  
(c) (d) 
Figure 3.7. (a) SEM image of a polysilicon beam resonator with metal electrodes [3.7], (b) SEM 
image of a fully polysilicon resonator [3.8], (c) SEM close-up of an SCS resonator with polysilicon 
electrodes [3.9] and (d) SEM image of a fully SCS beam resonator [3.10]. Devices in the first 
three images were fabricated using an oxide spacer, while the last one employed polysilicon. 
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Among the possible material combinations achieved on silicon platforms 
manufactured using an oxide spacer, the most notable are: polysilicon resonators 
with metal electrodes [3.7] or polysilicon electrodes [3.8] and monocrystalline 
silicon resonators with polysilicon electrodes [3.9]. Gaps with widths of less than 
100nm have been reported. By increasing the complexity of the method, fully-
SCS resonators (and electrodes) were fabricated using a polysilicon spacer. 
Nano-gaps were created in an oxide hard mask, which were then transferred into 
the silicon film. Gaps with widths of 130nm and [20:1] aspect ratios were 
achieved [3.10].  
 
Table 3.2 (on the next page) summarizes the main silicon-based nanogap resonator 
fabrication techniques which have been previously discussed: 
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Table 3.2. Summary of nanogap fabrication techniques 
Technique Device 
material 
Gap width 
/ A.R. 
Issues 
FIB SCS 50nm / 
[26:1] 
+ Fast prototyping 
- Serial process, not suitable for batch fabrication 
- Advanced dry etching needed 
- Local Ga+ contamination 
- Possible silicon amorphization 
E-Beam SCS 120nm / 
[5:1] 
+ Very good resolution 
- Expensive, slow process 
Gap reduction SCS 200nm / 
[60:1] 
+ Batch processing 
+ Cost effective 
+ Thick mask => deep gaps 
- 50nm gap width variation at wafer level 
- Vertical sidewall striation 
- Advanced dry etching needed 
Poly-Ge Poly-SiGe 
resonator 
and 
electrodes 
60nm / 
[33:1] 
+ MEMS last process allows vertical stacking of structures 
=> low die size and reduced interconnect parasitics  
+ Low thermal budget (<450°C) possible 
+ Ohmic poly-SiGe contact with the interconnects, with no 
performance degradation compared with SiGe only 
- Need good control of stress levels in the poly-SiGe layers 
- Non fully crystalline resonators 
Polysilicon 
resonator 
with metal or 
polysilicon 
electrodes 
100nm / 
[30:1] 
Oxide 
SCS 
resonator 
with 
polysilicon 
electrodes 
60nm / 
n.a. 
+ Batch processing 
+ Very narrow gaps, without the need of advanced etching 
- Limited by oxide conformity 
- Non fully crystalline structural material => more material 
losses, debris trapped in gaps during release, inferior 
electrical isolation between input and output, lower 
polarization voltage tolerance La
te
ra
l n
an
og
ap
-s
pa
ce
r 
Polysilicon SCS 130nm / 
[20:1] 
+ Batch, cost effective processing, 
+ Fully SCS structures (resonator and electrodes) 
+ Very narrow, uniform gaps, defined by polysilicon layer 
thickness 
- Advanced dry etching needed 
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3.3. Lateral Spacer Technique 
 
The goal of our project has been to manufacture nano-gap MEM resonators employing 
conventional techniques only, especially with the use of normal optical photolithography. 
We have focused our efforts on obtaining trenches with widths of the order of 100nm, 
with a depth of more than 1.5μm without the use of any advanced lithography technique, 
like DUV or E-beam. All four masks used in the process were transferred using a 
SüssMicrotec MA150 1x Exposure-Aligner with maximum achievable resolution of 
0.8μm. 
 
As depicted in Figure 3.8, the spacer layer technique consists of interposing a thin 
vertical layer of material between two layers of a different one. This way, the middle 
layer will act as a spacer between the other two, and by selectively etching it, we can 
obtain a narrow trench. The width of the gap will be defined by the spacer layer 
thickness, which, depending on the material choice, can be extremely well controlled. 
Thus, we have managed to obtain much smaller features than the optical resolution.  
 
 
(a) 
 
(b) 
 
(c) 
Figure 3.8. Spacer layer technique: (a) alternate layer arrangement, (b)  removal of spacer by selective etch 
and (c) nanogap mask resulted after spacer removal 
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3.4. Process Flow 
 
The detailed nanogap fabrication process is reported in Figure 3.9, which shows the 
main process steps by depicting the device cross-sections. All steps of the nano-gap 
MEM resonator fabrication process were developed at EPFL Center on Micro-
Nanotechnology (CMI)1 except for the TEOS deposition.  
 
The starting material is Silicon-On-Insulator (SOI) substrate, with a silicon film thickness 
of 1.5μm and 1μm buried oxide (BOX). A three-layer deposition process is used to 
create the resonator hard mask, employing a sacrificial-layer technique. The process 
uses a total of four masks. Process run-cards for both SOI thicknesses can be found in 
Appendixes A and B.  
 
First, a tetraethyl orthosilicate (TEOS) layer with 500nm thickness is deposited and 
patterned by dry etching (Figure 3.9.a), in order to form a hard mask for the MEM 
resonating structure and anchors. A polysilicon layer with a thickness of less than 100nm 
is then deposited (Figure 3.9.b), which will act both as nano-gap spacer and as 
protection for the first oxide during dry-etch patterning of the second one. Next, a second 
TEOS layer of 1.5μm is deposited (Figure 3.9.c), followed by a combination of Chemical 
Mechanical Polishing (CMP) and wet etch in order to expose the polysilicon layer (Figure 
3.9.d). A second photolithography step and a dry SiO2 etch will define the resonator’s 
electrodes (Figure 3.9.e). At this stage, the hard-mask which will be used to etch the Si 
MEM resonator is complete. The structure is then etched with a low-frequency pulsed 
plasma ICP-RIE in order to avoid Si notching at the BOX interface (Figure 3.9.f), and the 
oxide hard mask is removed using a buffered HF (BHF) solution (Figure 3.9.g). 
Subsequently, using a third mask, the undoped polysilicon is removed from the contact 
area (Figure 3.9.h), and metal is plated and patterned with a fourth mask (Figure 3.9.i). 
At last, the structure is released in buffered HF etch, as depicted in Figure 3.9.j. 
 
The typical process steps used for fabricating 1.5μm-thick nanogap MEM resonators are 
described in detail in Appendix A. 
 
                                                 
1 The Center of MicroNano Technology, CMI, is in charge of a complex of cleanrooms in EPFL, managed by 
a staff of specialists which offers basic and advanced training and access to processing equipments for both 
cleanroom users and EPFL students in the field of microtechnology. The main cleanroom is divided into 
seven different class 100 zones, connected together by class 1’000 corridors and class 10’000 material 
access areas. Each zone groups equipments by the type of process (lithography, dry or wet etching, 
material deposition etc.). More details about the CMI can be found on their web site [3.11]. 
While different techniques for patterning nano-gaps are available in the CMI, like FIB-milling and an e-beam 
lithography system acquired in 2006, our process explores the possibilities of achieving very narrow gaps (in 
the order of 100nm) by using conventional optical photolithography, through the spacer-layer technique.  
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Figure 3.9. Process flow steps: (a) TEOS layer deposition and mask 1: patterning of the resonator structure 
hard mask, (b) deposition of the thin polysilicon gap spacer, (c) deposition of the second oxide layer which 
forms the hard mask, (d) CMP and BHF back-etch of the second oxide to reveal the polysilicon layer, (e) 
mask 2: patterning of electrodes, (f) transferring the hard mask into the silicon film by dry etch, (g) mask 
oxide removal, (h) mask 3: opening of electrode contacts in the polysilicon layer, (i) metal deposition and 
patterning using mask 4, and (j) final structure wet etch release and critical point drying 
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3.5. Hard Mask Formation and CMP Optimization 
 
The deep sub-micron openings in the TEOS hard mask which are used to etch the nano-
gaps are obtained by depositing and then selectively removing a very thin polysilicon 
spacer layer. The PolySi LPCVD has very good uniformity; therefore the in-wafer nano-
gap mask opening variation is smaller than ±5%. 
 
It is important that after patterning the first mask, the TEOS sidewalls are very smooth 
and vertical. Otherwise, the polysilicon gap spacer which follows exactly the shape of the 
structure will be tilted and the plasma won’t have directional access to the SOI layer 
when etching the resonators. For this reason, the first photolithography step is essential, 
as well as a selective and smooth oxide dry-etch recipe. 
 
A second oxide is then deposited above the polysilicon, and then etched back with a 
combination of CMP and BHF wet etch, until the spacer layer is uncovered. It is 
important that the polysilicon layer isn’t damaged by the etching process, because later 
on it will be used to protect the oxide underneath during the selective dry etch for 
patterning the electrodes. The CMP speed is highly dependent on the pattern density 
and size, the general rule being that some wide, high-density patterns planarize the 
slowest and narrow, isolated features planarize the fastest. Therefore, in some areas, 
the polysilicon layer will be exposed faster and it will start to erode. Since the layer 
thickness is of 100nm or less, there is a high risk of punching through the polysilicon in 
the areas with less dense pattern. This problem can be avoided by stopping the CMP 
before reaching the polysilicon layer, and by finishing the oxide back-etch with a short 
BHF step. The CMP parameters are summarized in Table 3.3. 
 
Table 3.3. CMP parameters 
Slurry 30N50 
Head speed 30 rpm1
Platen speed 35 rpm 
0.02 psi2Back pressure 
Working pressure 1.04 psi 
 
Special attention must be paid to the second oxide deposition. At first, LPCVD low 
temperature oxide (LTO) has been tested, and the electrodes were etched using BHF. 
The SEM images taken at this point (Figure 3.10.a) revealed that voids were formed 
during LTO deposition, which were etched faster in BHF, generating an uneven shape in 
the hard mask at the electrode corner in contact with the polysilicon spacer. For this 
reason, as shown in Figure 3.10.b, after etching the gaps, the trench interface with a 
wider opening was very rough, strong skirting effect being observed. 
                                                 
1 rpm = rotations per minute 
2 psi = pounds per square inch 
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(a) (b) 
Figure 3.10. SEM pictures showing (a) voids in the LTO layer after patterning the electrodes and (b) the 
strong skirting resulted after gap etching  
 
In order to solve this problem, the process flow was improved by replacing the LTO with 
LPCVD TEOS, which has better step-coverage and higher density, and by etching the 
electrodes with selective anisotropic C4F8 plasma etch instead of wet BHF-etch. The 
results obtained with the improved process are shown in Figure 3.11. Figure 3.11.a 
presents an SEM image of the void-free interface between the TEOS and the structure, 
and Figure 3.11.b shows the skirting-free gap, etched with the TEOS hard-mask. 
 
400nm
TEOSPolySilicon on
Oxide
 
Nano-gap
500nm
TEOS1st Oxide
 
(a) (b) 
Figure 3.11. SEM pictures of the improved process, showing the hard mask after patterning the electrodes 
with a dry plasma etch (a) and the etched nano-gap (b) 
 
3.6. Nano-Gap Etch 
 
A typical gap of 110nm, obtained with a Bosch-like process called Super High Aspect 
Ratio Process (SHARP), developed at Alcatel Vacuum Technology [3.12], is depicted in 
Figure 3.12. To our knowledge, this is one of the smallest actuation gaps results 
reported to date for SOI MEM resonators. As shown in Figure 3.12.a, the scalloping-
induced vertical roughness is limited on the top of the gap to 30nm, and is decreasing 
with depth. The lateral roughness, generated mainly by photolithography, sidewall 
thickness-variation and etching is quasi-negligible (<10nm, Figure 3.12.b). 
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(a) (b) 
Figure 3.12. (a) FIB-cut through a 110nm-wide, 1.5μm-deep nanogap and (b) top view of the gap after hard 
mask removal 
 
3.6.1. Continuous vs. Bosch-like process 
 
One of the most critical steps of the process is the deep sub-micron gap etch. Two 
different techniques have been evaluated, a continuous etch-process, and the Super 
High Aspect Ratio Process (SHARP), developed at Alcatel Vacuum Technology. 
 
The continuous process uses a mix of etching (SF6) and passivating (C4F8) gasses, and 
due to the directional ion bombardment, the passivation layer is removed at much higher 
rate from the bottom of the trench, exposing it to the etch. This process has the 
advantage of generating smooth walls, but it proved to be very sensitive to any angle in 
the hard-mask opening, caused by the first photolithography step, as shown in Figure 
3.13: 
 
2nd Oxide
5
°
95nm
255nm
1st Oxide
PolySi
 
Figure 3.13.  SEM picture of a nano-gap etched using the continuous process 
 
In the picture above we can see that as the ions which are reaching the substrate are 
not coming under a 90°, but a slightly smaller angle, one of the trench walls is bowed, 
noticeably increasing the gap-width. 
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Better results were obtained starting from the SHARP process, based on the Bosch 
technique, which uses alternating etching and passivating steps to achieve high aspect 
ratio trenches in silicon. The Bosch process has its limitations, among which we can 
consider the scalloping-induced wall roughness, the large undercut and the aspect-ratio 
limited to maximum [30:1]. When used for etching deep sub-micron trenches, all these 
effects become critical, being a major limiting factor. The main SHARP process 
improvements include: (1) fast-switching of etching and passivating steps to reduce the 
wall roughness, (2) raising the platen power and decreasing the pressure for a longer ion 
mean free path, (3) adding an O2 plasma step for better polymer removal and (4) 
decreasing the substrate temperature for higher mask selectivity.  
 
Figure 3.14 shows the SEM picture of a 200nm-wide and 7.5μm-deep gap etched with 
this technique.  Aspect-ratios of [40:1] and low scalloping, thus smooth vertical walls 
have been demonstrated. The limiting factor for the achieved trench depth was the etch 
selectivity between silicon and the oxide hard-mask. For further tests regarding the 
maximum achievable aspect ratio, thicker oxide hard-mask should be used. 
 
7.5μm
80nm
200nm
2μm
200nm
 
Figure 3.14. SEM picture of a 200nm-wide and 7.5μm-deep trench, etched with a SHARP-based process 
 
3.6.2. Notching Effect 
 
Deep Reactive Ion Etch (DRIE) processes have different silicon etch-rates in different 
areas of the wafer, due to loading effects as the Aspect-Ratio-Dependent-Etch (ARDE) 
or the general loading effect by which edges of the wafer etch faster than the center 
[3.13]. The same applies to the SHARP process, whose etch-rate is more than two times 
lower in the nano-gap area than in the large openings. For this reason, wide opened 
spaces on the wafer will be overetched by as much as 150% until the nano-gaps are 
completely opened. 
 
At the same time, as it can be seen in Figure 3.15.a, plasma etching of silicon over an 
insulator layer can result in a notching problem at the silicon/insulator interface, due to 
trapped charges in the insulator which induce bending of the trajectory of ions. The 
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notch size is proportional to the etch time, so large overetch of the big openings results 
in significant notching effect. 
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(a) (b) 
Figure 3.15. FIB cross-sections of fully etched nano-gaps showing (a) notching and (b) notch-free profile 
obtained with an Adixen AMS 200 DSE etcher. 
 
This effect can be avoided by using a low frequency pulsed substrate polarization, which 
allows the ions to escape, preventing charge accumulation. We have used an Adixen 
AMS 200 DSE etcher and a typical notch-free result is shown in Figure 3.15.b. 
 
3.6.3. Skirting Effect 
 
One additional phenomenon related to the DRIE processes, which can cause a short 
circuit between the electrodes and the resonating structure, is the so called “skirting 
effect”. Due to over-passivation, the etch fails to entirely remove the silicon at the 
interface between narrow trenches and larger openings, producing a result as shown in 
Figure 3.16. 
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Figure 3.16. SEM picture of the nano-gap interface with a large opening, showing an extreme case of 
skirting 
 
Since the skirting effect cannot be solved by modifying the process parameters without 
affecting the selectivity of the etch, the undercut and the gap profile, a special anti-
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skirting design was conceived. The design uses a smooth transition between the trench 
and the open area, as shown in Figure 3.17.  
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(a) (b) 
Figure 3.17. SEM picture of (a) an anti-skirting designed nano-gap MEM resonator and (b) technological 
validation of the design 
 
Due to high SOI wafer price, all anti-skirting tests were done on bulk silicon wafers. From 
the figure above we can see that the anti-skirting design solves the problem for depths of 
up to 8μm. However, on SOI wafers results are slightly different, and skirting occurs after 
around 6μm, as will be discussed in Section 3.8. 
 
3.7. Metallization, Final Release and Critical Point Drying 
 
The fabrication run on 1.5μm silicon films has used a stack of metals composed of 50nm 
TaN sputtered seed layer, 150nm sputtered Cu, 3μm plated Cu, and 300nm plated Au 
for passivation (listed from bottom to top). The metallization was done by our EU project 
partner, IMEC Belgium. 
 
In the end of the first run, an unexpected compatibility issue has been noticed between 
the metallization gold and the n+, low resistivity wafers used, which caused galvanic 
corrosion [3.14] of all structures when dipped in the final BHF release bath. Due to this 
effect, the actual gaps were increased to around 250 - 300nm and the film was slightly 
thinned down from 1.5μm to ~1.3μm.  
 
The corrosion problem was solved in the next fabrication run, on 6.25μm-thick SOI, as it 
will be described in the next section. 
 
The final critical step of the process was the resonator drying. The 1.5μm-thick 
structures are not stiff enough to endure air-drying, and they collapse under the high 
tension forces. Therefore, critical point drying (CPD) of the structures was employed, 
which increases the temperature and pressure inside a liquid CO2-filled chamber 
bringing the carbon dioxide at a supercritical state, where the distinction between gas 
and liquid ceases to apply.  
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Figure 3.18. CO2 phase diagram. Beyond a specific temperature and pressure (the critical point), the carbon 
dioxide becomes a supercritical fluid, a state that is neither gas nor liquid, but has properties of both 
 
The CO2 phase diagram is shown in Figure 3.18 [3.15]. After reaching the supercritical 
region, the pressure inside the chamber is slowly vented away, while keeping the 
temperature constant, and bringing the CO2 to the gas phase. By this technique, no 
structure collapsed due to stiction. A fully released and dried MEM resonator with 
nanogaps is shown in Figure 3.19. 
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Figure 3.19. SEM image of a fully released MEM resonator, showing an FIB-cut through the structure 
 
3.8. Resonator Fabrication on 6.25μm SOI 
 
An extension of the process flow described in Section 3.4 was used to fabricate MEM 
resonators on SOI wafers with 6.25μm-thick silicon film. The BOX thickness is 3μm. 
 
While most of the steps remained similar to the 1.5μm-Si process, the deposited layer 
thicknesses and etch times had to be adapted, and a few additional steps were 
introduced. A typical 6.25μm SOI wafer runcard can be consulted in Appendix B. 
 
First change was to increase the first oxide thickness to 1μm (instead of 500nm for the 
1.5μm-SOI batch). Given the [14:1] etch selectivity of the SHARP-process between 
oxide and silicon in the nanogaps and the fact that after CMP & BHF, the second oxide 
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is always thinner than the first oxide, this mask thickness corresponds at the limit to a 
maximum achievable nano-gap depth of 6.25μm. Actually, it is so close to the limit, that 
without very good control of the CMP process, some of the structures start to be etched 
away because of mask punch through. In the same time, the mask thickness cannot be 
increased more than 1μm, while keeping the same polysilicon layer and thus the same 
targeted nanogap widths, because of the [12:1] selectivity between TEOS and PolySi of 
the oxide-etch recipe. In the future, better control of the CMP process, and design 
improvement by adding CMP dummy-structures for pattern uniformity should be 
considered, in order to reach higher nanogap depths. 
 
For 6.25μm-thick structures, the anti-skirting design proved not enough to completely 
solve the problem. This surprising result was probably due to the different etching 
conditions on SOI wafers, than on silicon bulk wafers. Thus, a very short additional 
isotropic Si etch step was introduced, subsequent to a quick BHF-dip of the wafer for 
native oxide removal, which would otherwise prevent the silicon from being etched away. 
This step removed only the skirting, while due to the smaller etch-rate inside narrow 
trenches, it introduced very little or no enlargement of the transduction gaps. 
 
Another challenge when transferring the process on thicker substrates was to perform 
the last photolithography step, due to the high topography (~10μm). Much thicker 
photoresist (8μm) had to be used, with a corresponding longer exposure time. 
 
As mentioned in Section 3.7, the incompatibility issue between the gold used to 
passivate the metallization stack and the BHF-etch was solved by replacing the TSM 
with aluminum, and by releasing the structures with Silox-etch instead of BHF.  
 
Finally, the drying step proved to be more straightforward than for the 1.5μm-layer batch, 
because the structures were stiff enough to withstand air drying. Thus, some of the 
wafers were dried in the CPD, while for the others the water was first replaced by 
isopropanol and then by acetone, and then they were air dried. Comparison of the two 
methods showed same results: no drying-related stiction for any of them. 
 
Figure 3.20.a shows an FIB cross-section through the transduction gap separating the 
electrode and the resonator, and Figure 3.20.b. an SEM top-view image of the 
successfully released fragmented-membrane resonator. The notch visible on the gap-top 
in the first image is generated by a small tilt of the vertical polysilicon wall which acts as 
gap-spacer (~5° deviation from vertical position), combined with the long etch-time 
needed to completely open the gaps. 
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Figure 3.20. (a) FIB section through a 100nm nanogap and (b) a finalized MEM resonator on 6.25μm SOI 
 
 
 
 66
3.9. Summary 
 
In this chapter we have presented and discussed the nanogap technology developed by 
the author of the manuscript for SOI MEM resonator fabrication. The main conclusions 
and achievements are summarized as follows. 
 
There is a critical need of low motional resistance for MEM resonators. The most 
effective ways to reduce its value are to increase the DC bias voltage or to reduce the 
width of the actuation gap. The second solution is of great interest because Rm scales 
with the fourth power of the gap, but also generates technological challenges due to the 
need of gap widths in the order of 100nm. 
 
By analyzing various nanogap fabrication techniques, we have concluded that one very 
interesting and effective solution is the lateral spacer technique, which enables 
lithography constraint-free fabrication. We have presented such a technique using 
polysilicon as gap spacer, which resulted in single crystal silicon structures with 100nm 
actuation gap width. 
 
We have reported an original process flow and detailed descriptions of every fabrication 
step were given. The batch-level, four-mask fabrication sequence employs only standard 
optical lithography with 1μm resolution and IC-compatible processing steps to obtain 
fully monocrystalline devices with ~100nm wide gaps. By using thinner spacer layers, 
the process can be scaled down to even narrower gaps, in the order of tens of nm. 
Additionally, an original antiskirting design technique has been proposed and validated 
for gap depths of up to 10μm. The full process has been successfully validated on two 
different SOI batches, with silicon film thicknesses of 1.5μm and 6.25μm. 
 
With our process, aspect-ratios as high as [60:1] were demonstrated, using an 
optimized, notch-free dry etch based on Alcatel Vacuum Technology’s SHARP.  This 
combination of narrow and very deep transduction gaps etched in single crystalline 
silicon is one of the best results yet published. 
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Chapter 4 
 
 
 
 
 
 
 
Characterization and Analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
The fourth chapter presents full characterization of bulk-mode nanogap MEM resonators 
fabricated during this thesis work. Analysis and discussion of the results are also 
proposed. 
Initial electrical measurements of microgap devices fabricated using a simple two-mask 
process show very high motional resistances in the order of MΩ and require DC biases 
of almost 100V. This poor performance originates in the extremely wide transduction 
gaps, and motivates the efforts made for creating nanogap devices. 
Nanogap device characterization demonstrating the excellent resonator performance 
includes room temperature measurements at low pressure in linear regime, ambient 
pressure and DC bias influence studies, nonlinear behavior analysis at high AC powers 
and a novel temperature dependence study for very wide temperature range from liquid 
nitrogen temperature of 80K up to 320K. 
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4.1. Measurement Setup 
 
Resonators have been measured inside a PMC-150 vacuum cryogenic prober using an 
HP8753D network analyzer without additional pre-amplification.  
 
The setup allows manual probing of devices at low temperatures, under vacuum 
conditions (as high as 10-6mbar), free from ice and frosting on the surface down to a 
temperature of 70K (temperatures as low as 20k are achievable by using liquid helium). 
High temperature measurements can also be performed, up to 400K. The prober is set 
on a vibration isolation table so that the equipment is not disturbed by any external 
movements. A picture of the entire setup is presented in Figure 4.1. 
 
 
Figure 4.1. The measurement setup: on the left side, the HP8753D network analyzer, and in the middle and 
right side, the PMC-150 vacuum cryogenic prober 
 
The DC bias voltage has been applied via the same equipment at both input and output 
electrodes, while the resonating structure and the bulk silicon of the SOI wafer were 
connected to ground, as shown in Figure 4.2. G-S-G (ground-signal-ground) on-wafer 
pads are used to electrically connect and test the resonator. 
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Figure 4.2. 2-port resonator measurement setup 
 
4.2. Micro-Gap vs. Nano-Gap Resonators  
 
An initial micro-gap technology run, meant to quickly evaluate resonator designs, as well 
as serve as comparison for nano-gap technology improvement, was performed at Philips 
Research, Eindhoven, The Netherlands.  
 
The starting material was SOI with silicon and buried oxide layers of 20µm and 2µm 
thick, respectively. The resonators were patterned with only one mask, using optical 
lithography, and then were transferred via dry-etching into the SOI active layer. Typical 
gaps of 1.3μm were obtained, as shown in Figure 4.3. 
 
1.3μm
5μm
 
100μm
 
(a) (b) 
Figure 4.3. (a) SEM cross-section view of 20μm deep and 1.3μm wide resonator-to-electrode gap and (b) 
SEM top view image of the microgap resonator 
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The fabricated MEM resonators have been tested at wafer-level in a vacuum chamber. 
Figure 4.4. reports the measured S21 parameter. Quality factors up to 18,000 for the first 
resonating bulk-mode (25.5MHz) have been experimentally derived from the 
transmission parameter, as the center frequency over the 3dB bandwidth,  for VDC=80V, 
at ambient pressure lower than 2*10-3mbar and RF power of -10dBm. The lower than 
expected quality factor value is probably due to sub-optimal anchor design, which was 
improved in the next fabrication run.  
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Figure 4.4. S21 transmission parameter for a 25.5MHz resonator at VDC=80V (measured data: grey and 10-
point averaged data: black); 
 
The resonator performance has been investigated at different values of DC bias voltage. 
A typical drift of S21 transmission parameter with respect to Vbias is presented in Figure 
4.5. 
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Figure 4.5. S21 transmission parameter dependence on applied bias voltage in vacuum 
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The very high bias voltages needed to operate this device (more than 60V), are a direct 
consequence of large, micron-sized transduction gaps. Thus, as predicted by the theory, 
it becomes evident that for practical applications, nanogap technology is essential.  
 
4.3. Nanogap Resonator Typical Responses in Vacuum1, at Room Temperature 
 
4.3.1. Longitudinal Beam Resonators 
 
The S21 transmission parameter peak at resonance presented in Figure 4.6 corresponds 
to a nanogap longitudinal simple beam resonator, fabricated on 6.25μm-thick silicon 
layer. The resonator dimensions are: length, L=360μm and width, w=10 μm. The device 
has a resonance frequency, fres=11.5MHz, and shows an extremely high quality factor, 
Q=235’000. The extracted motional resistance, Rm=285kΩ. The measurement is 
performed at 8V DC bias and -20dBm AC power. 
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Figure 4.6. S21 scattering parameter for an 11.5MHz longitudinal beam at resonance  
 
Figure 4.7 presents the S21 transmission parameters of two similar devices: a simple 
longitudinal beam and an improved beam (which has flared edges for increased 
electrode-to-resonator overlap, as explained in Section 2.2.1). Both designs have the 
same dimensions:  length, L=161μm and width, w=10 μm. The lower curve corresponds 
to the simple beam, operating at fres=26MHz. The high motional resistance extracted for 
this device is a consequence of the small overlap between the resonator and the 
electrodes. The upper curve in Figure 4.7 corresponds to the transmission parameter 
near resonance of the improved design. We can notice the smaller resonance 
frequency, due to the added mass. Both measurements are performed at the same bias 
voltage as the previous one (VDC=8V), but at higher AC power: PAC=0dBm. 
                                                 
1 This section presents measurements performed in high vacuum, at pressures below 10-5mbar 
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The improved design has almost three times lower motional resistance at the same DC 
bias and in the same frequency range. 
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Figure 4.7. S21 scattering parameter for a 26MHz simple longitudinal beam at resonance is compared to the 
one of an “improved” beam, resonating at 24.2MHz 
 
4.3.2. Fragmented Membrane Resonators 
 
Figure 4.8 presents the typical peak resonance responses of the S21 transmission 
parameters for two simple-arm MEM resonators: the type-A device has a silicon 
thickness of 1.3μm while the type-B device has a silicon thickness of 6.25μm, as 
summarized in Table 2.1.  
 
The measured resonance frequencies are 21.72MHz for the type-A and 24.46MHz for 
type-B, respectively. Quality factor Q=33’000 and motional resistance, Rm=582kΩ are 
extracted for the type-A device at 20V DC bias voltage and -25dBm AC power, and 
Q=67’000 and Rm=113kΩ, are extracted for the type-B device at 12V DC bias voltage 
and -20dBm AC power; both measurements were performed at room temperature and in 
vacuum (<10-5mbar). These results demonstrate a quality factor increase by factor of 2 
and motional resistance decrease by a factor of more than 5 (at almost half VDC) that can 
be obtained by the use of thicker silicon layers.  
 
Nevertheless, it is also shown that very good quality factors (>10’000) and relatively 
acceptable motional resistance (500kΩ at low applied voltage) can be still achieved for 
1μm-thick MEM bulk resonators, with appropriate gap scaling and optimized design. 
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Figure 4.8. S21 scattering parameter for a simple-arm, type-B device at resonance frequency is compared to 
the one of a T-arm, type-B resonator 
 
S21 transmission parameter peaks for simple-arm and T-arm designs of the type-B 
device are compared in Figure 4.9.  
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Figure 4.9. S21 scattering parameter for a simple-arm, type-B device at resonance frequency is compared to 
the one of a T-arm, type-B resonator 
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We can notice in Figure 4.9 the resonator performance improvement due to anchor-loss 
optimization: the T-arm resonator has a double quality factor, Q=122’000 and motional 
resistance decreased at half, Rm=59kΩ. The values were extracted at 12V DC bias 
voltage and -25dBm AC power, at room temperature and in vacuum (<10-5mbar). The 
measured resonance frequency is fres=24.48MHz for the T-arm, very slightly different 
than the simple-arm design value. 
 
4.4. Small Signal Equivalent Circuit Extraction in Linear Conditions 
 
In order to fully characterize the MEM resonator, all its electrical and mechanical 
parameters need to be determined. The procedure for this is described below. 
 
4.4.1. Lumped Element Extraction Procedure [4.1] 
 
 
  
(a) (b) 
Figure 4.10. (a) Equivalent resonator circuit when the bias voltage is removed (VDC=0V) and (b) Equivalent 
resonator circuit with bias voltage (VDC>0V) 
 
The circuits in Figure 4.10 describe the resonator electrical behavior when the DC bias is 
removed (Figure 4.10.a) and when a non-zero bias voltage is applied (Figure 4.10.b).  
The electrical quality factor of the parasitics are very small compared to the resonator, 
thus their frequency dependence can be neglected. 
 
The circuits presented in Figure 4.10 can be simplified by expressing them by a 
combination of complex admittances, as shown in Figure 4.11.  
 
 
Figure 4.11. Equivalent resonator circuit expressed in terms of complex impedances 
 
The complex impedances are given by: 
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When VDC=0, the impedance describing the intrinsic resonator, Ym, disappears. Thus, 
the Y-parameters of the network, are: 
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Thus, the complex admittances Ys, Yp1, Yp2 and Ym of the circuit can be calculated as: 
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The Y-parameters can be calculated from the 2 port scattering parameters of the MEM 
resonator as expressed below, where Yc is the characteristic admittance given by 
Yc=1/Zc=1/50Ω-1 
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Using Equations (4.3) and (4.4), it is straightforward to determine C0, Cp1 and Cp2. In 
order to get Rm, Cm and Lm, a frequency dependent fit of the Ym data has to be 
performed. First, a fit of the phase angle, θ, is made for determining the quality factor 
and for getting a first approximation of the frequency, ω0, and then a second fit of Ymag,  
the magnitude of Ym, gives the value for A and refines the result for ω0: 
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From the fitted values of Q, A and ω0, the equivalent electrical circuit parameters, Rm, Cm 
and Lm and the mechanical parameters k, m and γ can be obtained as: 
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4.4.2. Extracted Fragmented Membrane Resonator Parameters 
 
Table 4.1 fully summarizes type-A and type-B resonator parameters, obtained with the 
extraction procedure described in the previous section for resonators measured in 
vacuum (<10-5mbar) at room temperature: 
 
Table 4.1. Experimental Electrical Parameters For The Fabricated SOI MEM Bulk Lateral resonators. 
Resonator type A, Simple-arm B, Simple-arm B, T-arm 
Vbias [V], DC bias voltage 20 12 12 
PAC [dBm], AC signal power -25 -20 -25 
fres [MHz], resonance frequency 21.72 24.46 24.48 
Q, quality factor 32’802 67’000 122’000 
Rm [kΩ], motional resistance 582 113 59 
Lm [H], motional inductance 140.0 49 46.8 
Cm [aF], motional capacitance 0.384 0.865 0.903 
Cs [fF], feed-through capacitance 25.90 107.91 107.9 
Cp1 [fF], pad capacitance 735 392 448 
Cp2 [fF], pad capacitance 744 373 345 
 
4.5. Ambient Pressure Influence on Fragmented Membrane BLR Performance 
 
The electrical characterization of the resonator performance as a function of the 
pressure inside the vacuum chamber is presented in Figure 4.12. Due to damping, the 
quality factor degrades from 126’000 in vacuum (<10-5mbar)  down to 3’600 in air, which 
is still quite promising compared to the similar Q degradation for flexural mode 
resonators (down to few tens - hundreds [4.2]). The resonance frequency shift is rather 
small, increasing with 0.01% in air, compared to the vacuum conditions.  
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Figure 4.12. Fragmented-membrane resonator performance, Q and fres, measured as a function of pressure 
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Figure 4.13 presents the S21 peak measured in air at 8V of DC bias voltage and 0dBm 
AC power. The resonance frequency is fres=24.4512MHz.  
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Figure 4.13. S21 peak of a fragmented-membrane resonator, measured in air 
 
4.6. DC Bias Influence on Fragmented Membrane Resonator Performance 
 
While the DC bias voltage has relatively little influence on the quality factor (less than 
10-15% experimental variation), it is confirmed that it has a significant impact on the 
resonance frequency and on the motional resistance of BLR with fragmented electrodes.  
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Figure 4.14. Type-A, simple-arm resonator transmission parameter S21 response with varying bias voltages 
and AC power set at -25 dBm. 
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Figure 4.14 shows the resonance frequency drift due to spring softening, for a type-A, 
simple-arm resonator, measured in vacuum: when increasing the DC bias, the 
resonance peaks become higher, narrower and their resonance frequency decreases. 
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Figure 4.15. (a) Resonance frequency dependence on DC bias voltage and (b) motional resistance 
dependence on )V(QV ⋅21  for a type-A, simple-arm device 
 
Figure 4.15 confirms two key dependencies for the same device: 
 
(i) the quadratic dependence of the resonance frequency with DC bias, according to 
[4.3]: 
 
2
2
2
mg
AV
m
k
m
kk
DC
eff
eff
eff
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res
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where kel is the bias voltage-dependent electrical spring constant, that subtracts from the 
mechanical spring constant, keff,  lowering the overall spring stiffness (and thus the 
resonance frequency of the resonator). 
 
(ii) the linear dependence of the motional resistance, Rm, with )V(QV ⋅21  as 
predicted by Equation (2.16) (for the precision of the extraction, Q is extracted at each 
DC bias). It is worth noting that the motional resistance can be greatly decreased from 
720kΩ to nearly 300kΩ by increasing VDC from 18V to 32V. 
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4.7. Nonlinear Effects 
 
Linear behavior of the resonator is a key concern for granting both optimal energy 
transmission to the resonator and for obtaining non-distorted signal and hence lower 
phase-noise in an oscillator. 
  
4.7.1. Simple Longitudinal Beam Resonator 
 
Electrical nonlinearities were observed when applying a large AC signal of more than 
5dBm. Figure 4.16 presents the nonlinear response of a longitudinal beam resonator for 
two different DC biases, measured in vacuum: VDC1=8V and VDC2=10V. In both cases, 
the AC power has been increased from 5dBm (where linear behavior is granted) to 
14dBm (strong nonlinearity). This resonator response is inline with the nonlinearity 
theory presented in Section 2.1.3. 
 
 
Figure 4.16. Nonlinearity effects in a longitudinal beam resonator, which appear when increasing the AC 
input power from 5dBm to 14dBm, for two different DC biases: 8V and 10V  
 
The model presented in Section 2.1.3 can be used to predict the maximum vibration 
amplitude, above which nonlinearities occur. Starting from Equations (2.10 – 2.11), and 
knowing that xx 0ω=&  [4.4], the displacement amplitude can be calculated as: 
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ωε whV
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=  (4.8) 
 
For the simple longitudinal beam resonator, the A-f model predicts a critical current of 
1.16μA, resulting in a critical displacement amplitude of 15.4nm at VDC=8V. 
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In order to compare this value with the measurement data, we have calculated the 
experimental current using the measurement setup at resonance, shown in Figure 4.17. 
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Figure 4.17. Measurement setup at resonance 
 
According to this figure, the current can be calculated as: 
 
LSm
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ZZR
Vi ++≈
 (4.9) 
 
where the effective AC voltage at the generator is: 
 
)W(PZV acSac 2=  (4.10) 
 
and the motional resistance, Rm, is calculated as: 
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From the measurement data plotted in Figure 4.16, the resonator becomes nonlinear at 
5dBm when 8V of DC bias are applied, which gives a critical current value of 0.35μA. 
The critical experimental amplitude is thus of 4.8nm. This result is about 3 times lower 
than the model prediction. Further work is needed in order to understand this mismatch. 
 
4.7.2. Fragmented Membrane Resonator 
 
Figure 4.18 shows the peak shape degradation of a type-A, simple-arm resonator, with 
respect to the AC injected power, measured in vacuum: below -25dBm, the curves are 
superposed, while at -20dBm a slight deviation appears, and finally, at -15dBm, the 
behavior becomes completely nonlinear.  
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Figure 4.18. Nonlinearity effects appearing when increasing AC input power from -15dBm to -30dBm on a 
type-A, simple-arm resonator. Biasing voltage is 20V 
 
In a similar way, in Figure 4.19, we can see the peak shape degradation of a type-B, T-
arm resonator, with respect to the AC injected power, at VDC=6V. Nonlinearities appear 
beyond -2dBm. The thicker device has an improved drive level, as predicted by 
Equations (2.18 - 2.20), due to the increased w*h product. 
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Figure 4.19. Nonlinearity effects for a type-B, T-arm resonator, at different AC powers, with biasing voltage 
of 6V 
 
 
 87
 
4.8. Temperature Influence on Fragmented Membrane Resonator 
 
The temperature drift of MEM resonator characteristics is of critical importance for the 
future device success in circuit applications. The resonance frequency dependence on 
temperature is investigated here from 80K to 320K in vacum, for a type-B, T-arm MEM 
resonator, and is presented in Figure 4.20. 
 
At temperatures beyond 160K, the measured resonance frequency values are in good 
agreement with the ones calculated with Equation (4.12). Thus, the temperature 
dependence is mainly controlled by Young’s modulus variation, which follows 
Wachtman’s law [4.5] as follows: 
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−−=  (4.12) 
 
The parameter values corresponding to the reported fit, E0=164.4GPa (Young’s modulus 
at 0K), B=12.5MPa/K and T0=317K (high temperature limit beyond which Young’s 
modulus dependence becomes linear), are in good agreement with published data [4.6, 
4.7]. 
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Figure 4.20. Resonance frequency dependence on temperature for T-arm, type-B resonator, between 80K 
and 320K. The triangles correspond to experimental data; the dotted line corresponds to Wachtman’s 
equation and the black line is a linear fit through the values at medium and high temperature. 
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At high temperatures, as T approaches T0, Young’s modulus variation becomes quasi- 
linear, with a drift of -46ppm/K [4.8]. From Equation (2.27), we calculate: 
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Based on our data, a linear approximation of fres(T) in the 170K÷320K range has a slope 
of -24.5ppm/K (black line in Figure 4.20) which is in good agreement with Equation 
(4.13). 
 
Between 140K and 160K, the frequency dependence on temperature has an inversed 
trend, probably due to the phase change of an unknown material inside the vacuum 
chamber. The shift has been noticed on all measured structures, independently of the 
resonance frequency. At temperatures below 140K, the resonance frequency variation 
resumes the trend described by Wachtman’s law, with slightly lower values (compared to 
the extracted model) probably due to added mass. 
 
The quality factor dependence on temperature is plotted in Figure 4.21. At room 
temperature, the resonator shows a Q of around 120’000. Quality factor values slowly 
fall while decreasing the temperature and reach a minimum around 220K. Below this 
value, Q sharply rises reaching 200’000 at 80K. The large spread of experimental Q 
data, especially for the very high values, is due to the measurement precision, i.e. 
frequency steps are becoming comparable with the 3dB bandwidth, resulting in a relative 
error of 33%. Similar Q-T curves have been previously observed in other works, such as 
[4.9, 4.10], on flexural and torsional resonators. It has been suggested that two main 
mechanisms could be responsible for such behavior: (1) internal friction losses and (2) 
surface or near surface related phenomena. Silicon internal friction has been reported to 
present a maximum sharp peak (and hence a Q factor minimum) in the temperature 
range 115-124K.  
The thermally activated internal loss mechanisms are governed by Debye’s relaxation 
equation [4.11]: 
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where Δ is the relaxation strength, τ is the relaxation time, E and τ0 are defect activation 
energy and time constant, kB is Boltzmann’s constant, T is the temperature and fres is the 
resonance frequency.  
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Figure 4.21. Quality factor versus temperature for type-B resonator: measured values (triangles) and 
Debye’s analytical model. 
 
In order to fit this trend to our experimental data, we have considered that the internal 
friction effect dominates at medium temperature, while at low and high temperature other 
types of loss mechanisms limit the resonator quality factor. Thus, Q is calculated as: 
 
otherdefects QQQ
111 +=
 (4.16) 
 
Figure 4.21 shows good agreement between the experimentally determined quality 
factor, Q(T) at different temperatures and Debye’s relaxation Equation (4.18), for the 
fitting parameters given in Table 4.2, which are consistent with other published values. 
 
Table 4.2. Debye’s relaxation equation parameters. 
Parameter Value 
τ0 [s], defect activation time constant 0.8*10-12 
Ea [eV], defect activation energy 0.17 
Δ, relaxation strength 4*10-5 
Qother, quality factor due to other losses 180’000 
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Figure 4.22 presents the S21 peak, measured at 80K temperature, showing an extracted 
quality factor, Q>200’000 and a motional resistance Rm=42kΩ for fres=24.54MHz. The 
measurement was performed at VDC=12V and PAC=-20dBm. 
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Figure 4.22. S21 parameter at resonance frequency of a type-B device, measured at a temperature of 80K 
with bias voltage of 12V and AC-signal of -20dBm. 
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4.9. Summary 
 
This chapter has presented the characterization and analysis of two bulk-mode MEM 
resonator types: longitudinal beam resonators and original fragmented membrane 
resonators. 
 
Initial fabrication run was performed with a basic process able to provide 1.3μm-wide 
transduction gaps, and characterization of the devices has shown very large motional 
resistance values, as well as the need of DC bias voltages in the range of almost 100 
volts. As expected, this result is mainly due to the very wide gaps; much better results 
were obtained on nanogap devices fabricated using an original process based on 
sacrificial layer technique. 
 
Nanogap resonator characterization at room temperature (typical peaks and full 
parameter extraction on calibrated measurements) reveals excellent resonator 
performance. Quality factors as high as 235’000 have been observed for the beam 
resonators, and motional resistances as low as 59kΩ have been extracted for 
fragmented-membranes. Figure 4.23 includes the resonators fabricated and 
characterized during this thesis work on the same chart presented in Figure 1.11, which 
compares different state of the art bulk and flexural resonators.  Our results are amongst 
the best reported, in the tens of MHz frequency range. 
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Figure 4.23. Quality factor versus frequency for different reported bulk and flexural mode resonators, 
compared to the bulk-mode resonators fabricated and characterized in this work 
 
We have studied the effectiveness of several design and technology optimizations 
introduced in Chapter 2: 
- The original longitudinal beam design improvement by widening sides proved 
effective in lowering the motional resistance by a factor of three; 
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- Transferring the nano-gap technology from 1.5μm SOI on 6.25μm resulted in 
devices with double quality factors and 5 times lower motional resistances; 
- T-arm designs significantly reduce the acoustic losses, thus the devices showed 
an increase in quality factor and a decrease in motional resistance by a factor of 
two, compared to simple-armed resonators. 
 
As expected, due to air damping, the fragmented-membrane quality factor degrades 
from 120’000 down to 3’600 at atmospheric pressure. However, this value is comparable 
with state of the art results, and opens the possibility for atmospheric pressure 
applications such as mass-detection for gas sensing applications. 
 
The DC bias influence on resonator performance was also discussed, confirming 
theoretical bias dependence of the motional resistance and the frequency shift due to 
spring softening effect. In addition, the nonlinear resonator response was observed at 
high AC signal powers, and experimental nonlinearity limits were established for both 
type resonators. This behavior should be avoided for granting optimal energy 
transmission and for obtaining non-distorted signals, hence low phase-noise in oscillator 
applications. 
 
Finally, a novel study on temperature dependence of the fragmented membrane 
resonators was presented and discussed between 80K and 320K. Two key aspects are 
shown: (1) the resonance frequency trend follows Wachtman’s law for the whole 
temperature range and (2) the quality factor dependence on temperature, probably due 
to internal losses, follows Debye’s relaxation equation. Inline with this trend, significant Q 
increase and Rm reduction are reported at cryogenic temperatures. 
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Chapter 5 
 
 
 
 
 
 
 
MEM resonator applications 
 
 
 
 
 
 
 
 
 
 
 
 
This last chapter investigates the main MEM resonator applications. Promised 
miniaturization and MEMS-IC integration are main drivers for MEM-based oscillators and 
filters, which could in the future replace conventional circuits based on discrete 
components. Additionally to the MEM-based oscillator state-of-the-art overview, we have 
presented a simulation which demonstrates the possibility of using our original 
fragmented membrane bulk lateral resonator as frequency selective component in a 
Pierce oscillator, with very good performance, which nearly meets the GSM 
specifications. 
The third application discussed in this chapter is in the field of mass sensing. MEM 
resonator-based sensors show extremely good sensitivities; when scaled into NEM 
resonators, they can enable detection of masses as small as 10s of zeptograms (10-21g). 
Theoretical evaluation of the MEM resonators fabricated in this work for mass detection 
application is also shown. 
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5.1. Oscillators 
 
In any electronic product, a clock gives the heartbeats. Almost all analog or digital 
electronic systems, starting from radios and televisions to computers and communication 
or navigation systems, rely on oscillators for time keeping and frequency reference. The 
oscillators provide periodic output signals with precisely-defined frequency. They are 
based on a loop integrating a resonating element as frequency selective component with 
a sustaining amplifier, and a buffer amplifier which outputs the signal to the outside world 
(Figure 5.1). At turn on, the oscillator starts amplifying the noise in the circuit and 
positively feeds it to the resonator, which inputs it back to the amplifier and so on, until 
stable oscillations are reached, with the condition that both gain and phase conditions 
are met (loop gain magnitude equals unity and phase shift is either 0° or 360°).  
 
 
Figure 5.1. Schematic of the electronic oscillator circuit  
 
The oscillator frequency stability, given mainly by the resonator, is a vital requirement. 
Over the past decades, quartz crystal oscillators have been providing with very accurate 
frequency reference and excellent stability. However, conventional quartz resonators are 
bulky, power hungry devices which are hardly integrable with the CMOS circuit. Thus, 
MEM resonators offer a very interesting alternative for the frequency selective 
component, especially for portable applications, due to their small sizes, resistance to 
shocks and IC-integration which promises cost savings, parasitics and power 
consumption reduction, and opens the possibility of novel architectures.  
 
According to [5.1], an oscillator can be split between the resonator’s linear motional 
impedance, Zm, and the equivalent impedance of the circuit, Zc. The critical oscillation 
condition can be simply expressed in terms of impedances, as: 
 
0=+ cm ZZ  (5.1) 
 
The resonator’s motional impedance is given by: 
 
m
mmm Cj
LjRZ ωω
1−+=  (5.2) 
or it can also be expressed as: 
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where p is the relative amount of frequency pulling above the resonator’s natural 
frequency, ωres: 
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ωω −=  (5.4) 
 
By splitting Equation (5.2) in two parts, the real and the imaginary one, we see that the 
condition for stable oscillations becomes: 
 { } mc RZRe =−  (5.5) 
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m
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2=− (5.6) 
From Equation (5.5) we can see that the negative resistance of Zm must compensate the 
positive motional resistance of the MEM resonator. In consequence, Rm is of particular 
concern for oscillator applications, since usually it tends to be much higher than in the 
case of the quartz crystal. A low motional resistance value reduces the required negative 
resistance of the amplifier to ensure oscillation, and therefore reduces the required 
oscillator bias current (thus the power dissipation). 
 
The small-signal circuit impedance is a bilinear function of its transconductance, gm. 
Thus, the Zc locus in the complex plane is given by a half circle (for gm>0), as shown in 
Figure 5.2.  
 
8
 
Figure 5.2. Impedance locus for different values of gm
  
 97
The condition for stable oscillations given by Equations (5.5-5.6) is satisfied at 
intersection points A and B, but only point A satisfies also the phase criterion. Thus, the 
critical transconductance for stability, gm,min, is given by point A, while point B represents 
the maximum transconductance value, gm,max, above which no oscillation can start. The 
optimal value, gm,opt, represents the point where the negative resistance of the circuit 
reaches a maximum; it corresponds also to the minimum start-up time constant. If the 
MEM resonator motional resistance exceeds this maximum negative resistance, 
oscillations aren’t possible, whichever value gm might have. 
 
5.1.1. Oscillator Phase Noise 
 
Next to oscillation frequency stability, the phase noise is a key oscillator performance 
parameter. Noise from different sources (shot, burst, thermal and 1/f) can affect both the 
oscillator’s output amplitude and phase. However, most oscillators possess an 
amplitude-limiting mechanism in order to maintain the unity gain condition for stable 
oscillations at large signal levels. This mechanism attenuates also the amplitude 
fluctuations due to noise, and thus the phase noise generally dominates.  
 
According to [5.2], the phase noise, L{Δf}, can be calculated as: 
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where F is an empirical noise figure for the oscillator, k is Boltzman's constant, T is the 
temperature in Kelvin, Psig is the oscillator signal power, f0 is the oscillation frequency, Q 
is the resonator quality factor, Δf is the frequency offset from f0 and f1/f3 is the corner 
frequency between the 1/f3 and 1/f2 regions, determined experimentally in most cases. 
 
Figure 5.3 shows the phase noise spectrum vs frequency offset, given by Equation (5.7): 
 
31 f/
fΔ
21 f/
31 f/
0f  
Figure 5.3. Phase noise spectrum according to Equation (5.7) 
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According to Equation (5.7), the oscillator phase noise decreases as the quality factor 
increases. That is why in addition to the MEM resonator motional resistance which, as 
previously explained, should be small enough to be effectively compensated by the 
circuit’s negative impedance, the resonator’s quality factor is of great importance for 
oscillator applications, especially for low noise at frequency offsets close to carrier. 
 
Moreover, the same equation predicts that the output carrier power, Psig, is very 
important in determining the phase noise performance of the oscillator, particularly at 
large offsets from carrier, where the resonator quality factor plays a smaller role. At the 
same time, the carrier power is limited by the power handling ability of the resonator, 
whose linear behavior should be granted. In MEM-based oscillators, due to lower 
resonator nonlinearity threshold, the carrier power is usually not limited by the sustaining 
circuit as in the case of quartz-based oscillators, but by the resonator element [5.3]. This 
type of limitation leads to unwanted aliasing of the 1/f noise of the sustaining electronics 
into the oscillator output, by nonlinearity in the resonator’s capacitive transducer. The 
result is a strong 1/f3 noise component at close to carrier offsets, which degrades the 
oscillator phase noise performance and can prevent it from reaching the levels required 
by GSM standards.  
 
Other noise sources which can degrade the phase noise performance can come from 
the circuit, due to noise in the active devices (shot, thermal, flicker), to losses in 
interconnects and in the substrate, or to supply noise. However, as previously 
mentioned, in current MEM-based oscillators the circuit contribution to phase noise is 
negligible compared to the resonator nonlinearity effect. 
 
If the frequency selective component is considered linear (for example through gain 
control), the oscillator block diagram can be represented as shown in Figure 5.4 [5.4], 
where the primary noise sources of interest are the Brownian noise of the mechanical 
element, the input current noise of the sustaining amplifier and the noise of the output 
buffer. 
 
 
Figure 5.4. Block diagram of an oscillator indicating the primary noise sources as the thermo-mechanical 
noise force acting on the resonator element, the input current noise of the sustaining amplifier and the noise 
of the buffer [5.4]. 
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H(s) represents the force-to-velocity mechanical transfer function, A(s) represents the 
transfer function of the sustaining amplifier (constant and equal to A when the amplifier 
bandwidth is much larger than the output frequency of the oscillator) and the 
transduction blocks (representing electrostatic transduction for voltage-to-force and 
velocity-to-current) are shown. The transduction is considered symmetric and linear; 
therefore, the transduction factor is denoted by a constant, η. 
 
The transfer functions relating the thermo-mechanical noise and the input current noise 
to the output voltage can be written as: 
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The Brownian force noise spectral density for silicon MEM resonators is given by [5.5]: 
 
Q
TmkF resBnb
ω42 =  (5.10) 
 
Similarly, analytical expressions for the input current noise of the sustaining amplifier 
and the noise of the output buffer can be written, which will depend on the amplifier 
topology. 
 
 
5.1.2. Oscillator Topologies 
 
The MEM-based oscillator general performance is not only dependent on the 
micromechanical resonator, but also on the topology choice for the sustaining circuit. So 
far, several MEM-based oscillators have been demonstrated. The most currently used 
topologies are the transresistance oscillator and the Pierce oscillator. Each architecture 
presents individual advantages compared to the other one, which will be briefly 
discussed next.  
 
• Transresistance oscillators have a general form as depicted in Figure 5.5. In 
actual implementations, gain stages are often added to the initial transresistance 
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stage, to provide for the necessary loop gain and required loop phase shift. This 
topology represents an interesting choice for MEM-based circuits, because it can 
compensate for large Rm values, and has good frequency stability [5.6].  
 
 
Figure 5.5. General form of the transresistance oscillator  
 
Excellent results have been reported using transresistance oscillators, among 
which is notable the wine-glass disk resonator-based circuit from [5.6] which very 
nearly makes the GSM specifications1 for communication reference oscillators: 
60MHz reference oscillator achieving a phase noise density of -100dBc/Hz at 
1kHz offset from the carrier, and -130dBc/Hz at far-from-carrier offsets (which, at 
10MHz, has L{Δf}=-125dBc/Hz @ 1kHZ offset from carrier, and a noise floor of -
147dBc/Hz). Figure 5.6 shows the detailed circuit schematic of the sustaining 
transresistance amplifier implemented by a fully-differential amplifier in a shunt-
shunt feedback configuration (Figure 5.6.a), the top-level circuit schematic of the 
micromechanical resonator oscillator (Figure 5.6.b) and the phase noise density 
vs. frequency offset for the same oscillator (Figure 5.6.c). 
 
 
 
(a) (b) 
                                                 
1 L{Δf}=-130dBc/Hz @ Δf=1kHz ; L{Δf}=-150dBc/Hz @ Δf=10kHz ; noise floor=-150dBc/Hz 
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(c) 
Figure 5.6. (a) Transresistance amplifier schematic, (b) schematic of the MEM resonator-based 
oscillator and (c) phase noise density vs. frequency offset for the 60MHz reference oscillator [5.6] 
 
• Pierce oscillators are the design of choice for most quartz crystal oscillators, 
due to their design simplicity, small footprint, low power consumption and low 
contribution to the phase noise. Figure 5.7 presents the general form of the 
Pierce topology.  
 
 
Figure 5.7. General form of the Pierce oscillator 
  
In the case of MEM resonators, which usually have higher motional resistances 
than the quartz crystals, the conventional Pierce topology functions very close to 
its compensation capability limit: the higher the Rm, the higher is the 
transconductance required for stability, gm,min. The transconductance can only be 
increased by using a large gm transistor or by boosting the current, but both 
solutions have detrimental impact on the negative resistance at the circuit’s 
output [5.4]. Another approach is to use some circuit adaptation to compensate 
for Rm and to ensure the phase criterion for stable oscillations, such as using two 
CMOS amplifier stages [5.7] or two bipolar transistors connected in Darlington 
configuration, instead of just one [5.8]. 
 
Figure 5.8 presents the modified Pierce circuit based on doubly clamped beam 
resonator which uses a Darlington transconductance to sustain oscillations 
(Figure 5.8.a) and its theoretical and measured phase noise plot (Figure 5.8.b) 
[5.8]. 
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(a) (b) 
Figure 5.8. (a) Modified Pierce circuit and (b) phase noise plot vs. frequency offset for the same 
oscillator [5.8] 
 
The slope of the phase noise curve at small frequency offsets is given by 1/f3 noise 
component, which limits the oscillator’s phase noise at -80dBc/Hz, at 1kHz offset from 
the carrier, probably due to nonlinearity of the MEM resonator component. 
 
5.1.3. Pierce Oscillator Simulation using a Fragmented Membrane BLR 
 
In order to evaluate a possible use of the MEM resonators fabricated during this thesis 
as frequency selective component in an oscillator, we have simulated1 a Pierce oscillator 
based on the 6.25μm-thick fragmented membrane resonator characterized in Chapter 4. 
 
Figure 5.9 presents the simulated circuit. M1 and M2 act as a cascade pair to provide 
sufficient gain to compensate the losses of the resonator. M3 acts as the buffer 
transistor to isolate the output stage impedance variations from the oscillator loop. A 
current source of 5μA sets the current through M5, which is mirrored to 50μA through 
M6 and M7. Total current consumption of the circuit is 110μA. The resonator is 
connected between the drain of M2 and gate of M1. The parasitic capacitances of the 
resonator, Cp1 and Cp2, are used to provide the phase shift through the loop. Input for the 
buffer is taken from the gate of M1 as this node has lower noise. All transistors are 
0.18μm standard CMOS technology. L/W values are given next to each transistor. 
 
                                                 
1 Simulations were done using Agilent Advanced Design System software using the Harmonic Balance 
steady state analysis 
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Figure 5.9. Detailed circuit of the Pierce oscillator used in the silulation 
 
Table 5.1. Experimental parameters of the fragmented membrane MEM resonator 
Resonance frequency, fres 24.48 MHz 
Quality factor, Q 122’000 - 
Motional resistance, Rm 59 kΩ 
Motional inductance, Lm 46.8 H 
Motional capacitance, Cm 0.903 aF 
Feedthrough capacitance, Cs 107.9 fF 
Parasitic pad capacitance, Cp1 448 fF 
Parasitic pad capacitance, Cp2 345 fF 
 
Table 5.1 presents the experimentally determined parameters for our high-Q fragmented 
membrane resonator used in the simulation: 
 
The simulated phase noise response of our circuit is presented in Figure 5.10, 
demonstrating the possible implementation of a reference oscillator functioning at 
24.48MHz, that achieves a phase noise density of -142dBc/Hz at 1kHz offset from the 
carrier. The noise floor for our oscillator is at -144dBc/Hz. This result is obtained from 
small-signal mixing of noise in ideal conditions, supposing linear resonator operation, 
only considering the noise in the active devices and neglecting any additional noise 
sources (1/f, AM to PM conversion, interconnect losses and substrate noise). Inclusion 
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of all remaining noise sources and the nonlinear resonator model would result in a 
poorer phase noise performance compared to the ideal case. 
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Figure 5.10. Simulated phase noise for a Pierce oscillator based on a fragmented membrane MEM 
resonator 
 
A useful figure of merit for oscillator performance evaluation can be calculated as: 
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Our oscillator consumes only 99μW of power, which gives an FOMº240 at 1kHz offset 
from carrier. This value is very good compared to state of the art results such as the 
60MHz oscillator from [5.6], which consumes 430μW of power towards phase noise 
marks of -110dBc/Hz at 1kHz and thus has an FOMº206. 
 
Table 5.2 presents the main resonator characteristics and the phase noise performance 
for several MEM-based oscillators reported in the literature and for a commercially 
available ultra-low phase noise quartz crystal oscillator [5.9], in comparison to our 
simulated Pierce oscillator based on fragmented membrane MEM resonator. The 
fragmented membrane MEM resonator has one of the highest quality factors, and its 
motional resistance can be further reduced by scaling down the actuation gap. Our 
oscillator performance is comparable to state of the art MEM-based oscillators, with 
phase-noise performance which nearly satisfies the GSM specification requirements. 
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Table 5.2. Main parameters for different MEM-based oscillators, compared to quartz-crystal oscillator 
Resonator Oscillator 
Reference 
Type 
fres
[MHz] 
Q 
Rm
[kΩ] 
L{Δf} 
[dBc/Hz] 
Δf 
[KHz] 
-142 1 Our work 
(simulation) 
Fragmented 
membrane 
24.48 122’000 59 
-144 far 
-80 1 Nguyen - Pierce 
[5.8] 
CC-beam 9.75 3’600 17.5 
-117 far 
-82 1 
CC-beam 10 3’100 8.7 
-116 far 
-80 1 
Wide CC-beam 10 1’036 0.3 
-120 far 
-110 1 
Wine-glass disk 60 
-132 far 
-125 1 
Nguyen  -
Transresistance 
[5.6] 
 
 
Wine-glass disk 
 
10 
48’000 
 
1.5 
 
-147 far 
-138 1 
Kaajakari [5.10] Square-extensional 13.112 130’000 4.47 
-150 far 
-131 1 Quartz oscillator 
CVHD-950 [5.9] 
Quartz 50 - 125 n/a n/a 
-162 far 
 
5.2. Filters 
 
As in the case of MEM-based oscillators, the lures of miniaturization and possible CMOS 
cointegration represent main research drivers for RF and intermediate frequency (IF) 
microelectromechanical filters. 
 
A typical bandpass filter is composed of several resonator tanks connected by coupler 
networks, as shown in Figure 5.11.a.  
 
 
(a) 
 
 
 
(b) (c) 
Figure 5.11. Typical filter (a) topology, (b) ladder implementation and (c) specification parameters [5.11] 
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Such a filter can be implemented using series LCR tanks and capacitive couplers 
(Figure 5.11.b).The parameters used in general for filter specifications, according to 
[5.11], are shown in Figure 5.11.c. The filter performance increases by reducing the 
insertion loss (IL) and ripples, and by increasing the stopband rejection. Also, tiny 
percent bandwidths (calculated as the ratio between the 3dB bandwidth and the center 
frequency, times 100) and small shape factors (close to unity), thus very steep passband 
to stopband roll-offs are important [5.12]. 
 
Similarly to electrical filters, mechanically or electrically coupled MEM resonators 
(arrays) may be used for filtering applications. Multiple structures can be mechanically 
connected together through quarter wavelength beams placed in the nodal points, as 
shown in Figure 5.12.a: in this case, two flexural-beam resonators which, as explained in 
[5.13], can vibrate in phase or in anti-phase, generating two peaks in the frequency 
response plot (Figure 5.12.b). The lower frequency peak corresponds to the symmetric 
vibration mode, and the higher frequency one to the anti-symmetric mode. The filter 
center frequency is determined mainly by the individual resonators, while the separation 
between peaks, which sets the bandwidth is given by a ratio of the stiffness of the 
coupling beam and that of the resonator, at the beam attachment locations. 
 
 
 
(a) (b) 
 
(c) 
Figure 5.12. (a) Schematic of a two-resonator micromechanical filter, (b) Filter mode shapes and their 
correspondence to specific peaks in the unterminated frequency characteristic and (c) Measured spectrum 
for a terminated 7.81-MHz micromechanical filter with excessive input/output shunt capacitance [5.13] 
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The device in Figure 5.12.a is operated by applying a DC bias on the coupled beams, 
and an AC signal to the input electrode, which creates a vibration in the first resonator. 
This vibration is transmitted to the second one through the coupling beam. The output 
resonator motion creates a dc-biased, time-varying capacitor between the structure and 
the output electrode, which then sources a variable output current directed to resistor 
RQ2, which converts the current to an output voltage vo and, along with RQ1, provides the 
proper termination impedance required to flatten the jagged passband characteristic of 
Figure 5.12.b. The measured spectrum from Figure 5.12.c belongs to a 7.81MHz 
bandpass filter based on two coupled CC-beam resonators. The bandwidth of this filter 
is 18kHz, the insertion loss is 1.8dB, for a percent bandwidth of 0.23%. 
 
Other successful MEM-based filter implementations have used flexural-mode [5.14] and, 
more recently, bulk-mode MEM resonators [5.15-16] which resulted in 163MHz filters 
with insertion losses as low as 2.5dB, for extremely small percent bandwidths of 0.06% 
and passband ripples less than 0.5dB. 
 
In the future, MEM-based filters could provide excellent reconfigurability, frequency 
processing capability and power consumption to channel-selector filter banks used for 
RF front-end architectures. Figure 5.13 presents the schematic block diagram of a 
MEMS-based receiver using a channel selector composed of self-switching RF filters in 
its RF front-end [5.12].  
 
 
Figure 5.13. Schematic block-diagram of MEMS-based receiver using a channel selector composed of self-
switching RF filters in its RF front-end [5.12] 
 
A key filter parameter for RF front-end architecture applications is the termination 
impedance required for passband flattening, which should be as small as possible, to 
allow matching to 50Ω. Until recently, the high values obtained for the termination 
impedance with order of tens of kΩ‘s have represented a major impediment for MEM-
based filters. As an example, the bandpass filter from Figure 5.12 requires an 
impedance of 19.6 kΩ [5.13].  
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An approach to minimizing the MEM-filter termination impedance is by using parallel-
type filter architecture, as shown in Figure 5.14. Each subfilter structure uses two disk 
array composites, formed by 15 identical disk resonators linked by half wavelength 
coupling beams in order to accentuate the single frequency response selected by input 
excitation electrode configuration (Figure 5.14.a). The two subfilters are connected in 
parallel, as shown in Figure 5.14.b, where the inverter from the second subfilter’s path 
alters its relative phase from the one of the first subfilter. In this configuration, frequency 
components between the resonant peaks add in phase, while the ones outside this 
range subtract, resulting in flatter passband between the peaks, increased rejection 
outside the range and sharper passband to stopband roll-off. Figure 5.14.c presents the 
measured unterminated and terminated frequency characteristics of such a parallel-
class filter centered on 163.3MHz, which demonstrates an insertion loss of 2.73dB for a 
percent bandwidth of 0.16%, an impressive shape factor at 20dB of 1.78 and ripples 
smaller than 2dB, using termination impedance of only 4kΩ.  
 
 
 
 
(a) (b) 
 
(c) 
Figure 5.14. (a) Schematic of the eight-order MEM parallel-class disk array, (b) circuit schematic of a 
parallel-class filter using two subfilters and (c) measured unterminated and terminated frequency 
characteristics for a fabricated 8th order parallel-class disk filter array [5.12] 
 
We have also designed and fabricated several filter configurations based on coupled 
bulk mode resonators. Figure 5.15 presents the layout images of fragmented 
membrane–based resonator array (Figure 5.15.a) and of an array based on disk 
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resonators (Figure 5.15.b). In Figure 5.15.c is shown an SEM close-up view on two of 
the devices composing a fabricated disk resonator array. By actuating all structures in 
phase, such a design could also be used as resonator with improved power handling: 
the current handling ability of the array will be equal to the sum of the currents from all 
constituent resonators [5.17]. 
 
 
(a) (b) 
 
(c) 
Figure 5.15. Design layouts of coupled architectures based on (a) fragmented membrane resonators, (b) 
disk resonators and (c) SEM close-up image of a fabricated disk resonator array 
 
The electrical contacts between electrodes have been designed through the cap, which 
was supposed to be fabricated by our EU project partner, IMEC, but which finally was 
not implemented due to technological challenges. Thus, the structures haven’t been 
characterized. 
 
5.3. Mass Sensing 
 
Mechanical resonators are also very attractive mass sensing transducers for a variety of 
physical, chemical and biological applications such as explosive detection, fast drug 
screening, or gene and antibody detection [5.18-19]. Such sensors, especially when 
integrating nanometre-sized vibrating structures (NEM), may achieve very high 
sensitivities, with minimum detectable masses as small as yoctograms (10-24 g) [5.20-
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21]. This value clearly surpasses the classical quartz crystal microbalance (QCM) 
performance which is in the order of 10-18g. 
 
The MEM-based mass sensor functioning principle relies on mass change detection by 
measuring the shift in resonance frequency (fres), as shown in Equations (5.12-13): 
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For an added mass which is small in comparison with the effective mass (meff) of the 
resonator, the effective spring coefficient (keff) remains constant, and thus the resonance 
frequency only depends on the square root of the mass: 
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The minimum detectable mass, also called the mass sensitivity (δm), can be calculated 
considering the fundamental limit imposed upon mass measurements by 
thermomechanical noise, as [5.22]: 
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where Δf is the measurement bandwidth, Q is the quality factor of the resonator, DR is 
the dynamic range and Ec is the kinematic energy of the resonator when driven at a 
constant mean square amplitude <x2c>. 
 
Also, the mass responsivity of the device can be calculated as: 
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As shown by Equations (5.14-16), the main resonator parameter which determines its 
sensitivity is the effective mass of the vibrating structure. The smaller the mass, the 
better is the sensitivity (i.e. smaller masses can be detected). Additionally, the structure’s 
resonance frequency and quality factor are also influencing its mass sensitivity. Thus, 
resonators with small masses, vibrating with high quality factors at high frequencies are 
needed in order to achieve high sensitivities. 
 
Recent microfabrication advancements have allowed the manufacturing of NEM 
resonators which can detect extremely small masses. Such a device, based on doubly 
clamped beam resonator is shown in Figure 5.16 [5.21].  
 
 
(a) 
 
(b) 
Figure 5.16. (a) SEM images of nanomechanical CC beam sensor elements configured in a RF bridge; D1 
and D2 are the actuation ports and R is used for detection. The central suspended structure attached to 
three contact pads on each side, labelled T, is for monitoring the local temperature. (b) Measured frequency 
shifts, Δf (bottom) induced by sequential gold atom adsorption upon the CC beam resonator; the accreted 
mass of gold atoms, Δm, in the upper plot is measured by a separate quartz crystal detector [5.21] 
 
The beams in Figure 5.16.a are made out of SiC with top surface metallization layers of 
80nm of Al and have the following dimensions: length, L=14.2μm, width w=620nm and 
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thickness t=259nm. The fundamental in-plane flexural mode vibration has a frequency 
fres=32.8MHz and quality factor, Q=3000. The beams are embedded in a RF bridge 
configuration with corresponding actuation (D1 and D2) and detection (R) ports. The 
single suspended structure labelled T enables four-wire resistance measurements which 
provide extremely sensitive monitoring of the local temperature, set at T=17K. Special 
precautions have been taken to reduce thermal fluctuations and drifts, in order to 
minimize any unwanted frequency fluctuations.  
 
Figure 5.16.b presents the CC beam resonator frequency shift measurement induced by 
sequential 40ag gold atom adsorption. The observed frequency fluctuations correspond 
to a 2.5ag mass sensitivity (for the 2ms averaging time employed). The upper Δm 
measurement is done with a separate calibrated QCM. By employing a measurement 
bandwidth Δf=3kHz, an experimental mass sensitivity of 2.53ag is obtained. 
 
By scaling the resonating structures to even smaller dimensions, zeptogram (10-21g) 
mass detection has been demonstrated [5.23]. Figure 5.17 presents the measured 
frequency shift for a SiC CC beam resonator with L=2.3μm, w=150nm and t=100nm, 
vibrating at 190MHz with a quality factor Q~5000. Measurements were done at a 
temperature T=37K, with pulsed deliveries of 100zg N2 molecules accreted by the 
resonator. The measured data demonstrates that minimum masses of ~20zg can be 
detected employing a 1s averaging time. 
 
 
Figure 5.17. Real time zeptogram-scale mass sensing experiment using a 190MHz resonator within a 
cryogenic ultrahigh vacuum apparatus (each step in the data corresponds to a ~100zg mass accretion) 
[5.23] 
 
However, larger scale devices can be also used for more relaxed mass detection 
applications. Considering the MEM simple longitudinal beam resonator studied 
throughout this thesis (Figure 5.18), which has the parameters given in Table 5.3, the 
minimum mass that can be sensed in vacuum with this device is δmº0.5pg. This figure 
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is sufficiently small for applications such as cell detection (a wet E. Coli bacteria weights 
around 1pg). 
 
 
Figure 5.18. Schematic of the simple longitudinal beam resonator 
 
 
Table 5.3. Parameters of the simple longitudinal beam 
resonator 
L, resonator length 161 [μm] 
w, resonator width 10 [μm] 
h, silicon layer thickness 6.25 [μm] 
ρ, Si density 2330 [kg/m3] 
<xc>, mean square amplitude 5 [nm] 
fres, resonance frequency 26 [MHz] 
Q, quality factor 95’000 - 
P , operating pressure <10-5 mbar 
df, measurement bandwidth 10 [kHz] 
T, temperature 300 [K] 
δm, mass sensitivity 0.5 pg 
R, mass responsivity 3.5 kHz/pg 
 
Preliminary tests have been started for evaluating the possible use as mass detection 
sensors of the MEM resonators developed during this thesis work. Many cell-detection 
applications require the resonator sensors to operate in saline water environment (or at 
least to sustain liquid submersion for cell attachment) [5.24-25]. Prior to submersion, the 
sensors could also be selectively functionalized with specific antigens in order to bind 
targeted cells at wanted sites on the device [5.25]. 
 
We have performed initial liquid dispensing tests using an experimental setup which 
employed a capillary for water dispensing which was fixed on a DC probe inside the 
PMC prober1. Water drops with diameters as small as few 10’s of microns were 
delivered through the capillary directly to the resonator surface. So far, the tests have 
been unsuccessful due to structures collapsing when soaked. Further enhancements of 
the dispensing setup and of the resonator design and technology (e.g. by including fill 
                                                 
1 A description of the PMC measurement setup is given in Chapter 4 
 114
patterns [5.26] or by employing solid gaps for stiffer structures [5.27]) can be done in the 
future in order to successfully operate the structures in liquid environment. 
 
However, applications such as gas sensing, which only require the resonators to operate 
in air, may be easier attained given the promising fragmented membrane resonator 
performance obtained at atmospheric pressure: the structure still has a quality factor in 
the order of 3’500, which is much higher than similar results obtained for flexural beam 
resonators. Figure 5.19 shows the S21 peaks measured at different ambient pressures, 
starting from vacuum (p<10-5mbar) up to atmospheric pressure, for the fragmented 
membrane resonator summarized in Table 5.4. All measurements were done with a DC 
bias voltage of 8V. Measurements in vacuum used -20dBm AC power; above 500mbar, 
the power was increased to 0dBm. This resonator has a theoretical mass sensitivity in 
air, δmº8.7pg. 
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Figure 5.19. Quality factor plot versus ambient pressure, and S21 peaks of a fragmented-membrane 
resonator, measured from high vacuum up to atmospheric pressure 
 
Table 5.4. Parameters of the fragmented membrane resonator measured in air 
Lb, beam length 151 [μm] ρ, Si density 2330 [kg/m3] 
wb, beam width 5 [μm] fres, resonance frequency 24.45 [MHz] 
N, number of parallel beams 20 - Q, quality factor 3’600 - 
Lc, lateral connection length 195 [μm] <xc>, mean square 
amplitude 
5 
[nm] 
wc, lateral connection width 5 [μm] df, measurement bandwidth 10 [kHz] 
h, silicon layer thickness 6.25 [μm] T, temperature 300 [K] 
R, mass responsivity 0.3 kHz/pg δm, mass sensitivity 8.7 pg 
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5.4. Summary 
 
This final chapter has presented the three main MEM resonator applications, in the field 
of electronic oscillators, filters, and mass sensing devices. Potential size reductions as 
well as MEMS-IC cointegration, which promises cost savings, parasitics and power 
consumption decrease, and opens the possibility of novel architectures, are key drivers 
behind the research conducted for MEM-based circuits. Sensors could also benefit from 
the extremely high mass sensitivity of resonant devices, which can detect small 
molecules with masses in the order of tens of zeptograms (10-21g).  
 
The bulk mode resonators developed and discussed throughout this thesis can 
successfully be integrated in oscillator circuits, as we have demonstrated by simulating a 
Pierce topology based on 24.48MHz fragmented membrane BLR. Our oscillator has very 
good phase-noise performance, which nearly meets the GSM specifications. 
 
Preliminary tests for evaluating the use of our resonators as mass sensors have also 
been started, and more study is required for demonstrating their use in liquid 
environments, as required for biological applications. However, very promising results 
have been obtained by operating the devices in air. The fragmented-membrane MEM 
resonator has a high quality factor of 3’600, comparable to state of the art results, which 
could enable gas sensing applications with detection done without a special package, 
just by direct exposure of the resonator to the environment. 
 116
5.5. Bibliography 
 
[5.1] E.A. Vittoz, M.G.R. Degrauwe, and S. Bitz, “High-Performance Crystal Oscillator 
Circuits: Theory and Application”, IEEE Journal of Solid-State Circuits, volume 23, no. 3, 
1988, pp. 774-783 
 
[5.2] T.H. Lee, and A. Hajimiri, “Oscillator Phase Noise: A Tutorial” IEEE Journal of 
Solid-State Circuits, volume 35, no. 3, 2000, pp. 326-336 
 
[5.3] S. Lee, and C. T.-C. Nguyen, “Influence of Automatic Level Control on 
Micromechanical Resonator Oscillator Phase Noise”, IEEE International Frequency 
Control Symposium, 2003, pp. 341–349 
 
[5.4] Deliverable D2.1, IST-2003-507914 NanoTIMER, January 2006 
 
[5.5] Y.-W. Lin, S. Lee, S.-S. Li, Y. Xie, Z. Ren, and C.T.-C. Nguyen “Series-Resonant 
VHF Micromechanical Resonator Reference Oscillators”, IEEE Journal of Solid- State 
Circuits, volume 39, no.12, 2004, pp. 2477-2491 
 
[5.6] T.S.A. Wong and M. Palaniapan, “Micromechanical Oscillator Circuits: Theory and 
Analysis”, Journal of Analog Integrated Circuits and Signal Processing, volume 59, no. 1, 
2009, pp. 21-30 
 
[5.7] J. Verd, A. Uranga, G. Abadal, J.L. Teva, F. Torres, J. Lopez, F. Perez-Murano, J. 
Esteve, and N. Barniol, “Monolithic CMOS MEMS Oscillator Circuit for Sensing in the 
Attogram Range”, IEEE Electron Device Letters, volume 29, no. 2, 2008, pp. 146-148 
 
[5.8] S. Lee, M.U. Demirci, and C.T.-C. Nguyen, “A 10-MHz micromechanical resonator 
Pierce reference oscillator for communications”, The 11th International Conference on 
Solid-State Sensors & Actuators (Transducers ’01), 2001, pp. 1094-1097 
 
[5.9] Data sheet, Model CVHD-950, Ultra-Low Phase Noise Voltage Controlled Crystal 
Oscillator, Crystek Crystals Corporation 
 
[5.10] V. Kaajakari, T. Mattila, A. Oja, J. Kiihamäki, and H. Seppä, “Square-Extensional 
Mode Single-Crystal Silicon Micromechanical Resonator for Low-Phase-Noise Oscillator 
Applications”, IEEE Electron Device Letters, volume 25, no. 4, 2004, pp. 173-175 
 
[5.11] K. Wang and C. T.-C. Nguyen, “High-order medium frequency micromechanical 
electronic filters,” IEEE Journal of Microelectromechanical Systems, volume 8, no. 4, 
1999, pp. 534-557 
 
 117
[5.12] S.-S. Li, Y.-W. Lin, Z. Ren, and C.T.-C. Nguyen, “A Micromechanical Parallel-
Class Disk-Array Filter”, IEEE International Frequency Control Symposium, 2007, pp. 
1356-1361 
 
[5.13] F.D. Bannon, J.R. Clark, and C.T.-C. Nguyen, “High-Q HF Microelectromechanical 
Filters”, IEEE Journal of Solid-State Circuits, volume 35, no. 4, 2000, pp. 512-526 
 
[5.14] M.U. Demirci and C.T.C. Nguyen, “A low impedance VHF micromechanical filter 
using coupled-array composite resonators”, The 13th International Conference on Solid-
State Sensors, Actuators and Microsystems (Transducers‘05), 2005, volume 2, pp. 
2131- 2134 
 
[5.15] S.-S. Li, Y.-W. Lin, Z. Ren, and C.T.-C. Nguyen, “Disk-array design for 
suppression of unwanted modes in micromechanical composite-array filters,” The 19th 
IEEE International Conference on Micro Electro Mechanical Systems (MEMS’06), 2006, 
pp. 866-869 
 
[5.16] S.-S. Li, Y.-W. Lin, Z. Ren, and C.T.-C. Nguyen “An MSI micromechanical 
differential disk-array filter,” The 14th International Conference on Solid-State Sensors & 
Actuators (Transducers’07), 2007, pp. 307-311 
 
[5.17] Y.-W. Lin, S.-S. Li, Z. Ren, and C.T.-C. Nguyen, “Low Phase Noise Array-
Composite Micromechanical Wine-Glass Disk Oscillator”, IEEE International Electron 
Devices Meeting (IEDM), 2005, pp. 287-290 
 
[5.18] G. Muralidharan, A. Wig, L.A. Pinnaduwage, D. Hedden, T. Thundat, and R.T. 
Lareau, “Adsorption–desorption characteristics of explosive vapors investigated with 
microcantilevers”, Journal of Ultramicroscopy, volume 97, 2003, pp. 433-439 
 
[5.19] T. Y. Kwon, K. Eom, J. H. Park, D. S. Yoon, T. S. Kim and H. L. Lee "In situ real-
time monitoring of biomolecular interactions based on resonating microcantilevers 
immersed in a viscous fluid", Applied Physics Letters, volume 90, issue 22, 2007, 
223903 
 
[5.20] N. V. Lavrik and P. G. Datskos, “Femtogram mass detection using 
photothermally actuated nanomechanical resonators”, Applied Physics Letters, volume 
82, no. 16, 2003, pp. 2697-2699 
 
[5.21] K. L. Ekinci, X. M. H. Huang, and M. L. Roukes, “Ultrasensitive 
nanoelectromechanical mass detection”, Applied Physics Letters, volume 84, no. 22, 
2004, pp. 4469-4471 
 
 118
[5.22] K. L. Ekinci, Y. T. Yang and M. L. Roukes, “Ultimate limits to inertial mass 
sensing based upon nanoelectromechanical systems”, Journal of Applied Physics, 
volume 95, no. 5, 2004, pp. 2682-2689 
 
[5.23] Y.T. Yang, C. Callegari, X. L. Feng, K. L. Ekinci, and M. L. Roukes, “Zeptogram-
scale nanomechanical mass sensing”, Nano Letters, volume 6, no. 4, 2006, pp. 583–586 
 
[5.24] K.D. Bhalerao, S.C. Mwenifumbo, A.B. Soboyejo, and W.O. Soboyejo, “Bounds in 
the sensitivity of BioMEMS devices for cell detection”, Biomedical Microdevices, volume 
6, issue 1, 2004, pp. 23-31 
 
[5.25] B. Ilic, D. Czaplewski, H. G. Craigheada, and P. Neuzil, “Mechanical resonant 
immunospecific biological detector”, Applied Physics Letters, volume 77, no. 3, 2000, pp. 
450-452 
 
[5.26] H. Chandrahalim, S.A. Bhave, E.P. Quevy, and R.T. Howe, “Aqueous 
Transduction of Poly-SiGe Disk Resonators”, International Conference on Solid-State 
Sensors, Actuators and Microsystems (Transducers’07), 2007, pp. 313-316 
 
[5.27] Y. Lin, S. Li, Z. Ren, and C. Nguyen, “Vibrating Micromechanical Resonators with 
Solid Dielectric Capacitive Transducer Gaps”, IEEE Internalional Frequency Control 
Symposium and Exposition (IFCS '05), 2005, pp. 128-134 
 119
  120
 
 
 
 
 
 
 
 
Chapter 6 
 
 
 
 
 
 
 
Conclusions and perspectives 
 
 
 
 
 
 
 
 
 
 121
6.1. Major Achievements in this Work 
 
The work presented in this manuscript was dedicated to the development and fabrication 
of first nano-gap silicon-on-insulator MEM resonators fabricated in the clean room of 
EPFL. Overall, this was an effort of more than four years, supported by an FP6 
European project (NanoTIMER) and, in the final year, by a grant of the Faculty of 
Engineering (STI) of EPFL. 
 
The main technical and scientific achievements of this thesis can be summarized as 
follows: 
 
• Two main MEM bulk lateral resonator designs have been investigated by 
simulations and experiments: a longitudinal beam resonator and an original 
fragmented-membrane resonator, both functioning in the tens of MHz frequency 
range. Design optimizations have been proposed and validated, enabling the 
decrease of motional resistance (Rm) coupled with quality factor (Q) 
enhancement through energy loss minimization. More concretely, in the best 
designs we have achieved values of Rm lower than 100KΩ and values of Q 
higher than 100’000. 
 
• An original fabrication process has been developed based on a lateral spacer 
technique. This process employs only four masks for manufacturing SOI-based, 
fully monocrystalline MEM resonators with extremely narrow transduction gaps 
(100nm), without the need of advanced lithography techniques. The process was 
validated on two silicon film thicknesses (1.5μm and 6.25μm), corresponding to 
partially depleted SOI, which can be considered a substrate of choice for the 
fabrication of future integrated hybrid MEMS-CMOS integrated circuits. 
 
• Successful characterization of the resonators demonstrates excellent 
performance at room temperature: quality factors as high as 235’000 and 
motional resistances as low as 59kΩ have been measured in vacuum. 
Atmospheric pressure frequency response measurements of the fragmented 
membrane resonators show a quality factor of 3’600, which is amongst the best 
values reported to date. 
 
• The DC bias influence on resonator performance was discussed, confirming 
theoretical bias dependence of the motional resistance and the frequency shift 
due to spring softening effect. In addition, the nonlinear resonator response was 
observed at high AC signal powers, and experimental nonlinearity limits were 
established for both types of resonators, setting power guidelines for circuit 
applications such as oscillators.  
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• A novel experimental study on temperature dependence (between 80K and 
320K) of fragmented membrane resonator operation emphasizes two key 
aspects: (1) the resonance frequency trend follows Wachtman’s law for the whole 
temperature range and (2) the quality factor dependence on temperature, 
probably due to internal losses, follows Debye’s relaxation equation. Inline with 
this trend, significant Q increase and Rm reduction are reported at cryogenic 
temperatures. 
 
• Several applications have been investigated for the MEM resonators realized 
throughout this work, including the possible use in oscillator circuits. 
o  A simulated Pierce oscillator topology based on 24.48MHz fragmented 
membrane BLR has shown not only clear functionality but very good 
phase-noise performance of -142dBc/Hz at 1kHz offset from the carrier 
and -144dBc/Hz far from carrier, values which are very close to the actual 
GSM specifications. 
o Furthermore, mass-detection applications of MEM and NEM resonators 
have been explored, rather from a feasibility and achievable performance 
point of view and as a review of existing literature. The experimentally 
confirmed good performances of fragmented-membrane resonators in 
atmospheric pressure could enable gas sensing applications with the 
detection done by direct exposure of the resonator to the environment, 
without the need of a special package. However, it is obvious that further 
increase of the sensitivity of the MEM resonator to mass loading needs 
size scaling (nano-scale resonators) combined with appropriated 
functionalization of their surfaces. 
 
 
6.2. Perspectives 
 
The field of MEM resonators has recently seen great advancement, as devices with high 
quality factors and low motional resistances are successfully manufactured with high 
yields. However, before the technology can be considered completely established, there 
are still some challenges which need to be addressed: 
 
• Integration: Currently, most MEMS-based products use hybrid “system in 
package” approaches, in which the MEMS devices and the electronics fabricated 
separately are coupled into a final compete device. In order to fully benefit from 
promised MEMS improvements, such as reduced parasitics, smaller size and 
lower cost, IC-MEM integration should be proven.  
 
• Temperature stability: From a time reference application point of view, the 
frequency stability with temperature of MEM resonators is a key requirement. 
While quartz crystals provide excellent stability (below 1ppm/°C depending on 
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the crystal cut), typical MEM resonators only offer temperature drifts in the order 
of -30ppm/°C. Several temperature compensation methods have been 
investigated so far. However, they are complicated, not very efficient and may 
adversely affect the long-term stability of the device. Thus, this subject still needs 
further research and implementation of novel solutions. 
 
• Packaging: Last but not least, the MEM resonator packaging technology is 
currently a major limitation in using the devices for commercial applications. 
MEM resonators are fragile structures, which need to be protected by very clean, 
enclosed environments from any contaminant which would degrade their short- 
or long-term performance. Most resonators would greatly benefit from a vacuum 
packaging which ensures low damping, thus high quality factors. The package 
should not degrade the MEMS performance through addition of parasitic 
capacitances or stress-induced stiffness changes. Finally, the packaging should 
meet all above requirements while maintaining a low cost.  
 
• Challenges for applications in sensing: MEM resonator applications in sensing 
can enable sensitivities and resolutions very difficult (and sometimes quasi-
impossible) to attend with other technologies. However, the success of sensing 
applications depends on: (1) the control of processes and process variations to 
fabricate nano-electro-mechanical structures, (2) the functionalization of the 
nanostructures at small scale to make them selective only to certain gas and 
liquid species, (3) the fabrication and operation of NEM resonators in arrays and 
the development of detection and specific signal processing in order to exploit 
their poor signal-to-noise ratios, (4) their co-integration with CMOS to have the 
sensor and the interface circuitry on the same chip in order to achieve the 
needed miniaturization for portable sensor systems. In biological applications 
other challenges concern the engineering of fluidic channels and their wetting of 
the resonator in a practical way; the resonator operation in fluids, where the 
damping could be very high, is a difficult problem to solve for the future. 
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APPENDIX A. Run-Card for a Typical “Thin”-Film SOI 
Wafer (1.5μm) 
 
Step Process Details 
1 SOI start wafer Device layer: 1.5μm, n+; BOX: 1μm 
2 RCA   
3 First Oxide 500nm WetOx 
4 Resist coating Rite track 1, AZ92xx, 2μm 
5 First mask MA150, 10.5sec 
6 Development Rite track 2 
7 Optical microscope Inspection 
8 Descum Oxford Z2, 5min 
9 SEM Inspection 
10 Oxide etch AMS200, SiO2_PR_1:1, 1min45sec 
11 Remove resist Remover Z2, standard 
12 Plasma O2 Oxford Z2, 20min 
13 SEM Inspection 
14 RCA   
15 PolySi Spacer 100nm, LPCVD PolySi 
16 Second Oxide 1.5μm LPCVD TEOS 
17 CMP 
Slurry 30N50, head:30rpm, platen:35rpm, back press: 
0.02psi, working press:1.04psi, time:1min45sec 
18 2nd oxide back-etch BHF, 50sec 
19 SEM Inspection 
20 Resist coating Rite track 1, AZ92xx, 2μm 
21 Second mask MA150, 10sec 
22 Development Rite track 2 
23 Optical microscope Inspection 
24 Oxide etch AMS200, SiO2_PR_5:1, 2min 
25 Remove resist Remover Z2, standard 
26 Plasma O2 Oxford Z2, 20min 
27 SEM Inspection 
28 PolySi and Si etch AMS200, SOI_SHARP, 3min40sec 
29 FIB Inspection 
30 Polymer residue removal Piranha-etch, standard 
31 Native oxide removal BHF, 30sec 
32 Remove hard mask BHF, 2min 
33 SEM Inspection 
34 Resist coating Rite track 1, AZ92xx, 2μm 
35 Third mask MA150, 10sec 
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36 Development Rite track 2 
37 Optical microscope Inspection 
38 PolySi etch STS, Sub_Si, 30sec 
39 Plasma O2 Oxford Z2, 20min 
40 Remove resist Remover Z2, standard 
41 Plasma O2 Oxford Z2, 20min 
42 SEM Inspection 
43 
TSM metallization (at 
IMEC) 
50nm TaN sputtered, 150nm Cu sputtered, 3μm Cu 
plated, 300nm Au plated 
44 Structure release BHF, 40min 
45 Drying Critical point drying 
46 SEM Inspection 
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APPENDIX B. Run-Card for a Typical “Thick”-Film SOI 
Wafer (6.25μm) 
 
Step Process Details 
1 SOI start wafer Device layer: 6.25μm, p+, {100}; BOX: 3μm 
2 RCA   
3 First Oxide 1μm WetOx 
4 Resist coating Rite track 1, AZ92xx, 2μm 
5 First mask MA150, 11sec 
6 Development Rite track 2 
7 Optical microscope Inspection 
8 Descum Oxford Z2, 5min 
9 SEM Inspection 
10 Oxide etch AMS200, SiO2_PR_5:1, 4min20sec 
11 Remove resist Remover Z2, standard 
12 Plasma O2 Oxford Z2, 20min 
13 SEM Inspection 
14 RCA   
15 PolySi Spacer 100nm, LPCVD PolySi 
16 Second Oxide 1.5μm LPCVD TEOS 
17 CMP 
Slurry 30N50, head:30rpm, platen:35rpm, back press: 
0.02psi, working press:1.04psi, time:2min+1min 
18 2nd oxide back-etch BHF, 1min 
19 SEM Inspection 
20 Resist coating Rite track 1, AZ92xx, 2μm 
21 Second mask MA150, 10.5sec 
22 Development Rite track 2 
23 Optical microscope Inspection 
24 Oxide etch AMS200, SiO2_PR_5:1, 4min30sec 
25 Remove resist Remover Z2, standard 
26 Plasma O2 Oxford Z2, 20min 
27 SEM Inspection 
28 PolySi and Si etch AMS200, SOI_SHARP, 18min 
29 FIB Inspection 
30 
Polymer residue 
removal 
Piranha-etch, standard 
31 
Native oxide 
removal 
BHF, 30sec 
32 Skirting opening Alcatel601E, Si_ISOSlow, 15sec 
33 Remove hard mask BHF, 8min 
34 SEM Inspection 
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35 Resist coating EVG, AZ9260, 8μm 
36 Third mask MA6, 45sec 
37 Development EVG 
38 Optical microscope Inspection 
39 PolySi etch STS, Sub_Si, 30sec 
40 Plasma O2 Oxford Z2, 20min 
41 Remove resist Remover Z2, standard 
42 Plasma O2 Oxford Z2, 20min 
43 SEM Inspection 
44 Aluminum deposition 1μm evaporated Al, EVA600 
45 Resist coating EVG, AZ9260, 8μm 
46 Fourth mask MA6, 60sec 
47 Development EVG 
48 Optical microscope Inspection 
49 Al wet etch ANP, 26min 
50 Remove resist Remover Z2, standard 
51 SEM Inspection 
52 Structure release Silox-etch, 150min 
53 Drying 
Critical point drying or air drying, by replacing water 
with IPA and then with acetone 
54 SEM Inspection 
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